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Chapter 1 

Olfactory ensheathing glia: their contribution to primary  

olfactory nervous system regeneration and their regenerative potential 

following transplantation into the injured spinal cord 

Brain Research Reviews,2007;56(1):236-258 

General introduction and scope of this thesis 

Elske H.P. Franssen, Freddy M. de Bree, Joost Verhaagen 
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Abstract 

Olfactory ensheathing glia (OEG) are a specialized type of glia that guide primary olfac-

tory axons from the neuroepithelium in the nasal cavity to the brain. The primary olfac-

tory system is able to regenerate after a lesion and OEG contribute to this process by 

providing a growth supportive environment for newly formed axons. In the spinal cord, 

axons are not able to restore connections after an injury. The effects of OEG transplants 

on the regeneration of the injured spinal cord has been studied for over a decade. To 

date, of all the studies using only OEG as a transplant, 41 showed positive effects, while 

13 studies showed limited or no effects. There are several contradictory reports on the 

migratory and axon-growth supporting properties of transplanted OEG. Hence, the re-

generative potential of OEG has become the subject of intense discussion. In this review 

we first provide an overview of the molecular and cellular characteristics of OEG in 

their natural environment, the primary olfactory nervous system. Second, their potential 

to stimulate regeneration in the injured spinal cord is discussed. OEG influence scar 

formation by their ability to interact with astrocytes, they are able to remyelinate axons 

and promote angiogenesis. The ability of OEG to interact with scar tissue cells is an 

important difference with Schwann cells and may be a unique characteristic of OEG. 

Because of these effects after transplantation and because of their role in primary olfac-

tory system regeneration, the OEG can be considered as a source of neuroregeneration-

promoting molecules. To identify these molecules, more insight into the molecular biol-

ogy of OEG is required. We believe that genome wide gene expression studies of OEG 

in their native environment, in culture and after transplantation will ultimately reveal 

unique combinations of molecules involved in the regeneration-promoting potential of 

OEG.  

 

 

1. Introduction 

The primary olfactory nervous system has the remarkable capacity to continuously form 

new primary olfactory neurons during adulthood (Farbman, 1992; Graziadei and Grazia-

dei, 1979b). The direct exposure of primary olfactory neurons to the external environ-

ment makes them more susceptible to chemical or traumatic injury. The ability to form 

new neurons from a compartment of stem cells has apparently been maintained in mam-

mals, since many mammalian species are dependent on the sensory perception of smell 

to survive. Olfactory neurogenesis takes place in the basal cell layer of the olfactory 

epithelium (Graziadei and Graziadei, 1979b). After an injury in the primary olfactory 

system, neurogenesis is enhanced (Graziadei and Graziadei, 1979a). New primary olfac-

tory neurons grow axons to the olfactory bulb and establish novel functional connections 

(Costanzo, 1985; Doucette et al., 1983; Harding et al., 1977; Monti Graziadei et al., 
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1980). These axons grow along specialized glial cells, the OEG, which are found 

throughout the primary olfactory pathway from the lamina propria to the olfactory bulb 

(Doucette, 1990). The mammalian primary olfactory system is the only neural tissue 

where axons are capable to grow directly into the CNS throughout adulthood (Doucette, 

1991; Raisman, 1985).  

 In contrast to the vigorous neurogenesis and axonal growth that occurs following 

lesions of the mature primary olfactory system, injury to the CNS and in particular, the 

spinal cord, results in permanent loss of neuronal connectivity. One way to study the 

underlying mechanisms of successful regeneration is to investigate the molecular and 

cellular processes that are responsible for the remarkable regeneration in the primary 

olfactory system. An important factor that determines the regenerative potential of the 

olfactory system is the presence of OEG. OEG play an important role in the growth and 

guidance of primary olfactory axons towards the olfactory bulb (Doucette, 1990; 

Doucette, 1991; Raisman, 1985). These properties of OEG have inspired studies on the 

potential of OEG to stimulate regeneration of injured spinal cord pathways. Although 

the first transplantation studies reported very promising results, several studies now con-

clude that the effects of OEG have probably initially been overrated (Lu et al., 2006; 

Pearse et al., 2007; Steward et al., 2006).  

 Here, we give an overview of the cellular and molecular characteristics of neu-

roregeneration in the primary olfactory system with an emphasis on the role of OEG. 

Furthermore, the regeneration-promoting potential of OEG after implantation will be 

discussed. They are able to survive in the spinal cord and integrate in neural scar tissue. 

The latter property appears to be a clear difference between OEG and Schwann cells 

(SCs), a glia cell also originating from a regenerative nervous system, the peripheral 

nervous system (PNS). In the future, a genome wide comparison of differences in gene 

expression between OEG and SCs should reveal the unique molecular properties of 

these two glia cells. The functional validation of these molecular differences will be 

essential to ultimately create a glia cell with novel and improved regeneration-

promoting properties.  

 

 

2. Anatomy of the primary olfactory system and cellular origin of its 

neurogenic potential 

Primary olfactory neurons are located in the mucosa in the nasal cavity. Primary olfac-

tory neurons project axons to the olfactory bulb situated at the rostral side of the brain 

within the cranium (Fig. 1A). The mucosa is overlying the nasal septum and turbinates 

and consists of the neuroepithelium and the lamina propria. The lamina propria is a con-

nective tissue and is separated from the epithelium by a basal lamina (Farbman, 1992). 

The epithelium contains different cell types, including primary olfactory neurons, basal 
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cells, supporting or sustentacular cells and flat cells forming the ducts of the Bowman’s 

glands, which themselves lie in the lamina propria (Farbman, 1992; Graziadei and 

Graziadei, 1979b) (Fig. 1B). 

 Mature primary olfactory neurons are bipolar cells located in the intermediate 

zone between the apical and basal sides of the epithelium. At the apical side, the den-

drite projects a set of cilia into the mucus, where the actual detection of odorants takes 

Figure 1 Schematic overview of the anatomy of the primary olfactory nervous system. A. Primary 

olfactory neurons (purple) are located in the neuroepithelium (blue) in the nasal cavity. The neurons 

project axons through the lamina propria (green) to the glomeruli (dark yellow) in  the olfactory 

bulb where they connect with dendrites of mitral, tufted and juxtaglomerular cells. As soon as the 

axons enter the lamina propria, they form fascicles and get enwrapped by OEG (red). OEG guide 

them through the cribriform plate (black dotted line) into the olfactory nerve layer. B. The neuroepi-

thelium is located in the nasal cavity. The horizontal basal cells (grey) and the globose basal cells 

(blue) divide and differentiate into young olfactory receptor neurons (light blue), which are GAP-43 

positive. Neural progenitors differentiate into mature primary olfactory neurons (purple), which 

express OMP. The dendrites of primary olfactory neurons are flanked by sustentacular cells (green). 

Bowman’s glands (brown) are located in the lamina propria and their ducts traverse the neuroepithe-

lium. C. Fascicles of primary olfactory axons consist of numerous axons (purple) which are segre-

gated in smaller sections by cytoplasmic processes of OEG (red).   
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place. The dendrites of olfactory neurons are separated from each other by the susten-

tacular cells, which contact the basal lamina by long cytoplasmic processes. Sustentacu-

lar cells are thought to play a role in detoxification (Hadley and Dahl, 1982) and in 

phagocytosis of degenerating primary olfactory neurons (Suzuki et al., 1996). At the 

basal side, an axon projects into the lamina propria, where it forms bundles with other 

axons that converge into larger nerve fascicles. Once axons have entered the lamina pro-

pria, they are enwrapped by OEG, which guide them through the cribriform plate to the 

olfactory bulb. Nerves are enclosed by a continuous tube of interconnecting OEG. Sheet

-like cytoplasmic processes of OEG segregate each fascicle into smaller sections, which 

are filled with large bundles of unmyelinated axons (Fig. 1C). The outer surface of the 

OEG-tube is covered by a basal lamina, which separates OEG from the collagen con-

taining extracellular space and is surrounded by fibroblsts (Li et al., 2005a; Raisman, 

1985).  

 The olfactory bulb consists of different layers, including the olfactory nerve layer 

(ONL), the glomerular layer (GL), the external plexiform layer, the mitral cell layer, the 

internal plexiform layer and the granular cell layer. Primary olfactory axons enter the 

olfactory bulb through the ONL, which is the outermost layer. At the point of axonal 

entrance in the CNS, the fibroblasts surrounding the nerve interact with meningeal fibro-

blasts that cover the bulb. The OEG in the ONL form the glia limitans at the external 

surface of the bulb and interweave with astrocytes (ACs) in deeper layers of the ONL 

(Doucette, 1991; Field et al., 2003; Li et al., 2005b; Raisman, 1985). Primary olfactory 

neurons form synaptic contacts on the dendrites of tufted and mitral cells in the 

glomeruli. The glomeruli are composed of a network of nerve endings and synaptic con-

nections and are interconnected by juxtaglomerular neurons. The tufted and mitral neu-

rons, located in the external plexiform layer and the mitral cell layer, project to the ol-

factory cortex via the lateral olfactory tract, thereby passing the internal plexiform layer 

and the granular cell layer (Farbman, 1992). 

 Axon connectivity between epithelium and bulb is based on a zone-to-zone pro-

jection. The epithelium and bulb can be divided in four specific zones and axons origi-

nating from one of the four epithelial zones fasciculate and target to glomeruli in a cor-

responding zone in the bulb (Ressler et al., 1993). The axon fascicles consist of thou-

sands of packed axons originating from neurons expressing different odorant receptor 

(OR) genes. As soon as the axon bundles penetrate the ONL, they defasciculate and 

form new arrangements with axons that express the same OR gene. The new axon bun-

dles, expressing the same receptor, target to only one or a few selected glomeruli (Mori 

et al., 1999; Ressler et al., 1994; Treloar et al., 2002; Vassar et al., 1994). 

 

The average lifespan of primary olfactory neurons is about 1 month (Samanen and 

Forbes, 1984; Schwob et al., 1992). Degenerating primary olfactory neurons are re-
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placed by new neurons, derived from a population of stem cells or basal cells, located at 

the basal part of the epithelium. Basal cells self-renew or give rise to progenitor cells, 

which eventually differentiate into mature primary olfactory neurons. During this differ-

entiation process, cells migrate from the basal layers towards the apical side of the epi-

thelium. There are two types of basal cells. Horizontal basal cells (HBCs) are located on 

top of the basal lamina and the globose basal cells (GBCs) are found above them. The 

precise function and stem cell properties of both cell types have not been firmly ascer-

tained yet.  

 In vivo studies supported the idea that neuronal stem cells lie among the GBCs 

(Caggiano et al., 1994; Jang et al., 2003). The presence of GBCs was essential for neu-

ronal reconstitution after epithelial lesion. Furthermore, retroviral lineage analysis 

showed only lineage relationship between GBCs and neuronal precursors and no rela-

tion between GBCs and HBCs. In addition, the division rate of HBCs was not increased 

after lesion in contrast to GBCs. Furthermore, in vivo lineage tracing studies by retrovi-

ral infusion or by transplantation of green fluorescent protein (GFP)-positive GBCs into 

the lesioned epithelium, demonstrated that GBCs can differentiate into neurons as well 

as into sustentacular cells and gland cells, which indicates that GBCs function as multi-

potent progenitor cells (Chen et al., 2004; Huard et al., 1998).  

 HBCs on the other hand were found to express intercellular adhesion molecule-1 

and certain integrins which are known to regulate stem cell proliferation and differentia-

tion in non-neuronal stem cell niches present in other regions of the body. Colonies of 

HBCs, selected on the basis of this specific expression profile, displayed a multipotent 

potential in vitro by generating neuronal as well as glial cells and also GBCs (Carter et 

al., 2004). However, these observations were made in a culture environment. In a recent 

study, in vivo fate-mapping analysis by genetic marking of HBCs, using the Cre/LoxP 

system, showed that HBCs did function as olfactory neural stem cells. They remained 

largely inactive during normal neuronal turnover and also after bulbectomy when GBCs 

were spared. However, injuries which depleted the GBC population, resulted in prolif-

eration of HBCs, which subsequently repopulated neuronal and non-neuronal cellular 

constituents of the neuroepithelium (Leung et al., 2007)  

 Interestingly, in humans there is only one population of basal cells having round 

cell bodies and thereby resembling rodent GBCs. Moreover, immature and mature neu-

rons are dispersed throughout the epithelium in humans, which differed from the organ-

ized basal to apical cell layers in rodents. These distinctions indicate that specific cellu-

lar processes of rodent neurogenesis may be different in humans (Hahn et al., 2005).  

The final steps into maturity of newly formed primary olfactory neurons occur when the 

axons terminate in the olfactory bulb. Several neuronal markers are known to identify 

immature and mature neurons. Immature neurons can be recognized by the expression 

of molecules like growth-associated phosphoprotein GAP-43, the embryonic form of the 
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Figure 2 Schematic representation of the anat-

omy of the primary olfactory nervous system 

after different lesion types. A. Intact primary 

olfactory system. B. Transection of the primary 

olfactory nerves between the cribriform plate 

(black dotted line) and the olfactory nerve layer 

(indicated by an arrow), results in degeneration 

of axons and apoptosis of mature primary olfac-

tory neurons. Following lesioning, the olfactory 

epithelium (blue) becomes thinner. Enhanced 

basal cell proliferation and differentiation leads 

to an increase of immature neurons. After tran-

section, newly formed axons are able to establish 

connections in the glomeruli. C. After bulbec-

tomy, neurons and axons degenerate as well, 

resulting in a thinner epithelium. In adult ani-

mals, bulbectomy results in the formation of scar 

tissue (green), which occupies the bulbar cavity 

and inhibits new axons to enter the forebrain. D. 

After toxin-induced lesioning, the olfactory bulb 

remains intact. In the neuroepithelium however, 

not only mature neurons and their axons, but also 

the sustentacular cells and cells from Bowman’s 

glands degenerate. Proliferation and differentia-

tion of basal cells result in new mature neurons, 

which project axons to the bulb to restore con-

nections. E. An enlargement of the boxed area in 

D. Around 5 to 10 days after toxin-induced le-

sioning of the neuroepithelium, basal cells (blue) 

are proliferating and a large population of imma-

ture neurons (light blue) has formed. The popula-

tion of sustentacular cells (green) and mature 

neurons (purple) is restored and neurons project 

new axons into the lamina propria, which are 

enfolded by OEG (red).    
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neural cell adhesion molecule N-CAM and the membrane-associated protein SCG10, 

which are involved in axonal outgrowth (Miragall et al., 1988; Pellier-Monnin et al., 

2001; Verhaagen et al., 1990a). Mature neurons can be identified by the expression of 

olfactory marker protein (OMP) and N-CAM (Farbman and Margolis, 1980; Miragall et 

al., 1988). In addition, primary olfactory neurons expressed Protein Gene Product 9.5 

and older neurons in more apical regions express neuron specific enolase, which is a 

molecular marker for differentiated neurons. Nuclei of primary olfactory neurons were 

not labeled by the neuronal marker Neuronal Nuclei (NeuN) (Weiler and Benali, 2005). 

Several transcription factors are known to be expressed in different stages of the neu-

ronal differentiation process and will be discussed later. Finally, since the function of 

mature primary olfactory neurons is odor sensing, they can be recognized by the expres-

sion of different olfactory receptors (ORs) and molecules involved in signaling cascades 

that are required for this process.  

 

 

3. Regenerative properties of the olfactory system 

Neurogenesis in the olfactory epithelium is significantly enhanced when primary olfac-

tory neurons are lost. Cellular responses in the epithelium have mainly been studied fol-

lowing three types of injury: primary olfactory nerve transection (Fig. 2B), olfactory 

bulbectomy (Fig. 2C) and toxin-induced lesioning (Fig. 2D) of the olfactory neuroepi-

thelium. The first two types of lesions, nerve transection and aspiration of the bulb result 

in substantial retrograde apoptosis of mature neurons. In both cases, basal cells start to 

proliferate directly after the injury, which results in an increase in the population of im-

mature neurons (Andres, 1965; Graziadei and Graziadei, 1979a). However, only in the 

presence of the olfactory bulb, when axons can re-establish connections in the 

glomeruli, reconstitution of the full complement of mature neurons in the epithelium 

will occur (Verhaagen et al., 1990b). After unilateral bulbectomy, a large number of 

immature neurons populated the reconstituted epithelium. However, the epithelium re-

mains thinner on the lesioned side than on the control side and the number of mature 

neurons does not return to normal levels. Bulbectomy results in the formation of scar 

tissue, which inhibits the axons from entering the forebrain to establish connections 

(Monti Graziadei, 1983). Although there is still differentiation of neurons and axonal 

growth to the bulbar cavity, neuronal life-span is drastically decreased. Primary olfac-

tory neurons are dependent on the presence of their target to expand their survival time, 

probably because of vital trophic support (Schwob et al., 1992).  

 The third lesioning strategy for studying cellular responses after damage is direct 

exposure of the neuroepithelium to toxic agents. Depending on the type of toxic com-

pound and the exposure time, direct lesioning can result in an almost complete destruc-
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tion of the epithelium. Areas in which also the basal layer is damaged will not recover 

and reconstitute as respiratory epithelium. However, when stem cells are spared, the 

mucosa will recover completely. Different types of toxins were used to lesion the epithe-

lium, including irrigation with ZnSO4 or Triton X-100 and inhalation of methyl bromide 

gas. Although all types of toxins caused severe destruction of the epithelium, ZnSO4 

lesion had the most rigorous and often irreversible effect, since the basal cells were 

damaged as well (Burd, 1993; Harding et al., 1978; Hurtt et al., 1988). Triton X-100 and 

methyl bromide-induced injury generally result in a reconstitution of the olfactory epi-

thelium (Schwob et al., 1995; Verhaagen et al., 1990a). At 24 hours after methyl bro-

mide exposure, a tremendous increase in proliferation of stem cells was observed, which 

remained high for more than 4 weeks after the lesion (Fig. 2E). After 6 to 8 weeks, 

basal, neuronal and sustentacular cell populations were restored. The numbers of mature 

neurons returned to normal. In the reconstituted neuroepithelium, the rate of basal cell 

proliferation and the balance between mature and immature neurons also returned to 

normal levels (Schwob et al., 1995).  

 Two phases of axonal regeneration can be distinguished. In the first phase, axons 

are growing from the olfactory epithelium through the lamina propria and the nerve 

layer to the olfactory bulb. The second phase is the axonal targeting phase in which the 

restoration of the spatial map is achieved by reinnervation of the correct glomeruli. Re-

innervation of the bulb and re-establishment of connections is stabilized after approxi-

mately 8 weeks, thereby paralleling the reconstitution of the epithelium (Schwob et al., 

1999). In the bulb, degeneration of axons resulted in cell proliferation in the nerve layer 

and glomerular layer at 24 hours after epithelial lesion. New mature neurons retained 

their specific pattern of OR expression in the epithelium and the projection pattern to the 

glomeruli was also restored (Cummings et al., 2000; Iwema et al., 2004). However, in 

food-restricted animals in which the epithelial destruction was more severe, axons pre-

ferred to reinnervate the anterior bulb, which resulted in an hypoinnervated posterior 

part (Schwob et al., 1999). Also after nerve transection, newly formed axons were not 

able to converge on the same glomeruli as before the lesion. They were misrouted to 

other areas and innervated multiple glomeruli (Christensen et al., 2001; Costanzo, 

2000). Recovery of olfactory functions then required additional training to adapt to the 

new odor mapping in the brain (Yee and Costanzo, 1998).  

 

3.1. Regulation of olfactory neurogenesis 

The main processes that take place in the olfactory epithelium after an injury are apop-

tosis of mature neurons and subsequently proliferation and differentiation of basal cells. 

In addition, there is a response of the immune system including a massive infiltration of 

macrophages, which phagocytose dead cells.  

 The stem cells in the basal region of the epithelium divide rapidly after an injury 
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and give rise to early neuronal progenitor cells, the transit-amplifying cells. Transit-

amplifying cells give rise to immediate neuronal precursors, which divide to give rise to 

immature neurons that undergo terminal differentiation into mature primary olfactory 

neurons.  

 Several molecular signals are involved in the regulation of olfactory neurogene-

sis. A number of transcription factors, known to regulate neurogenesis in general during 

development (Bertrand et al., 2002; Porter et al., 1997) are also expressed in specific 

differentiation stages during olfactory neurogenesis. These transcription factors include 

the basic helix-loop-helix (bHLH) transcription factor mammalian achaete-scute ho-

molog 1 (Mash1), the LIM homeobox transcriptiefactor Lhx2 and neurogenin 1. Analy-

sis of knockout mice has revealed a role for a few of these transcription factors in devel-

opment (reviewed in Nicolay et al., 2006). Less is known about their role during neuro-

genesis in the mature epithelium, although many transcription factors important in neu-

rogenesis during development were also expressed after a lesion in the epithelium of 

adult rats, which implies that transcriptional regulation during adult lesion-induced neu-

rogenesis is at least for a large part a recapitulation of development (Manglapus et al., 

2004). Transit-amplifying cells are characterized by the expression of Mash1, which 

plays an essential role in neuronal differentiation (Gordon et al., 1995; Guillemot et al., 

1993). In Mash1-deficient animals, the epithelium was filled with proliferating cells, 

which failed to differentiate in mature neurons (Murray et al., 2003). Transcription fac-

tors acting downstream of Mash1 include Lhx2 and neurogenin 1. Neurogenin 1 is also 

a bHLH transcription factor and is expressed by immediate neuronal precursors (Cau et 

al., 1997; Cau et al., 2002). Both Lhx2 and neurogenin 1 are important in neuronal dif-

ferentiation. Neurogenin 1 regulates the expression of the mammalian homolog of Dro-

sophila Hairy and Enhancer of split (Hes6) and Neurogenic differentiation (NeuroD). A 

few transcription factors have been identified which play a role in neuronal maturation 

and glomerular innervation, such as the methylated-CpG binding domain protein 

Mecp2, the homeobox transcription factor Dlx5 and Kruppel-like transcription factor 

KLF7 (Nicolay et al., 2006). KLF7 was recently found to regulate several genes in-

volved in axon growth and primary olfactory neuron differentiation, including OMP and 

L1 (Kajimura et al., 2007).   

 Important signaling molecules, involved in the control of olfactory neurogenesis, 

are growth factors. Growth factor families including the neurotrophins, the insulin-like 

growth factors, the fibroblast growth factor family and the epidermal growth factor fam-

ily are expressed in the olfactory epithelium and play a role during proliferation and 

differentiation of olfactory progenitor cells. Moreover, their receptors were found to be 

expressed on primary olfactory neurons at different stages of development (reviewed in 

Kawauchi et al., 2004; Mackay-Sim and Chuah, 2000). The expression of the neurotro-

phin receptor tyrosine kinases (Trks) in primary olfactory neurons is dependent on the 
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stage of maturation. TrkA was only expressed in neuronal precursors, whereas TrkB was 

expressed in immature neurons and TrkC expression was restricted to mature neurons. 

This differentiation-stage dependent expression indicates that neurotrophins are in-

volved in the maturation process of olfactory neurons. Primary olfactory neurons main-

tained the stage-dependent expression of Trks in culture and they were able to respond 

to different neurotrophins including nerve growth factor (NGF) and brain-derived neuro-

trophic factor (BDNF) by increasing their proliferation rate and differentiation 

(Roskams et al., 1996). Furthermore, whereas NGF was not present in the intact adult 

olfactory epithelium, it was upregulated after an injury. NGF was not found to be ex-

pressed in the epithelium itself, but was reported to be retrogradely transported from the 

olfactory bulb to the epithelium (Miwa et al., 1998). Insulin-like growth factor-I (IGF-I) 

was shown to be involved in the control of adult olfactory neurogenesis, although its 

function is not completely clear. IGF-I infusion increased the proliferation of neuronal 

precursors in vivo (Pixley et al., 1998). However, in olfactory explant cultures, IGF-I 

reduced the proliferation of neuronal progenitors and in addition induced neuronal dif-

ferentiation. IGF-I is expressed by basal cells and IGF-1 receptors are present on GBCs 

as well as on mature primary olfactory neurons (McCurdy et al., 2005).   

 Besides positive modulators of neurogenesis, growth factors have also been iden-

tified as negative regulators. Members of the transforming growth factor-β superfamily 

like BMPs and growth and differentiation factor 11 (GDF11) function as inhibitory sig-

nal molecules for neurogenesis (Shou et al., 1999; Wu et al., 2003). BMPs can have 

positive and negative effects on neurogenesis in epithelial cultures, dependent on the 

concentration. Low concentrations of BMP4 promoted neurogenesis by stimulating the 

survival of new mature neurons (Shou et al., 2000). High concentrations of BMP2, 4 and 

7 inhibited neurogenesis by inducing the degradation of Mash1 in early neuronal pro-

genitors (Shou et al., 1999). GDF11 is expressed by both progenitor cells and mature 

neurons in the olfactory neuroepithelium and inhibits proliferation of olfactory progeni-

tor cells. In concert with its antagonist, follistatin, GDF11 may help to maintain a popu-

lation of progenitor cells ready to replace dying primary olfactory neurons (Wu et al., 

2003).  

 In addition to growth factors, neuropeptides also play a role in the regulation of 

neurogenesis. Neuropeptide Y (NPY) and pituitary adenylate cyclase-activating poly-

peptide (PACAP) are expressed in the olfactory epithelium during development and in 

the adult. NPY is expressed by sustentacular cells and functions as a promoter of neuro-

genesis, whereas PACAP is expressed by basal cells and acts as a proliferative and sur-

vival factor for neuronal precursors and mature neurons (Hansel et al., 2001).  

 How are these single molecules integrated in a genetic network to orchestrate the 

different processes in neurogenesis? Two microarray studies have defined overall 

changes in gene expression in the entire olfactory mucosa at different time points after 
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Table 1  Genes that showed a similar regulation pattern after bulbectomy in two independent mi-

croarray studies from Getchell et al., 2005 and Shetty et al., 2005. 

Gene Symbol Gene Name Getchell et al. Shetty et al. 

Synaptic Transmission     

Cplx2 Complexin 2 -1.9 (2d) DD 

Snap25 Synaptosomal-associated protein 25 -1.5 (2d) DD 

Stxbp1 Syntaxin binding protein 1 -1.3 (16h) 

-1.3 (2d) 

DD 

Syn2 Synapsin II -1.2 (8h) 

-1.3 (16h) 

-1.5 (2d) 

DD 

Synj2 Synaptojanin 2 -1.9 (2d) DD 

Syp Synaptophysin -1.4 (2d) DD 

Syt1 Synaptotagmin 1 -1.8 (16h) 

-2.0 (2d) 

DD 

Syt11 Synaptotagmin 11 -1.3 (2d) DD 

Syt4 Synaptotagmin 4 -2.1 (16h) 

-2.5 (2d) 

DD 

Vamp2 Vesicle-associated membrane protein 2 -1.3 (2d) DD 

Apoptosis     

Apaf1 Apoptotic protease activating factor 1 -1.4 (16h) 

-1.2 (2d) 

D (5 d) 

Tnfrsf1a Tumor necrosis factor receptor super-

family, member 1a 

 1.2 (8h) UU 

Gadd45g Growth arrest and DNA-damage-

inducible 45 gamma 

 1.5 (2d) U (5 d) 

Casp3 Caspase 3, apoptosis related cysteine 

protease 

 1.3 (8h) 

 1.5 (16h) 

 1.4 (2d) 

U (1 d) 

Transcription factors     

Pax6 Paired box gene 6  1.4 (16h) 

 1.7 (2d) 

NU 

Sox18 SRY-box containing gene 18  1.7 (16h) 

 1.3 (2d) 

NU 

Fold changes are shown as in Getchell et al., 2005 at 8 hours, 16 hours and 2 days after injury. Di-

rection of regulation is represented as in Shetty et al., 2005 at 1 and 5 days after injury with one 

letter for each post-lesion time point (N= not regulated, D= down regulated, U= upregulated).   
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bilateral bulbectomy (Getchell et al., 2005; Shetty et al., 2005). Getchell et al. investi-

gated gene expression profiles at 2, 8, 16 and 48 hours after bulbectomy and focused on 

genes associated with apoptosis, stem/progenitor cell regulation and cell cycle progres-

sion, which are the important processes at these early time points. Neuronal markers 

such as OMP and N-CAM were down-regulated, whereas apoptosis genes were upregu-

lated at 16 and 48 hours, which reflected the degeneration of primary olfactory neurons. 

Two families of apoptosis genes were upregulated, which have not been implicated be-

fore in olfactory apoptosis; growth arrest and DNA damage-inducible 45α (Gadd45a) 

and myeloid differentiation primary response gene 88 (Myd88). Gadd45a was also iden-

tified in the other microarray study at 1 day after bulbectomy (Shetty et al., 2005). Fur-

thermore, one member of the SRY-box containing gene transcription family Sox18 was 

also upregulated at the first days after bulbectomy in both studies and identified for the 

first time as well. Sox18 is known as an important mediator of angiogenesis (Darby et 

al., 2001). Besides Sox18, other genes associated with angiogenesis, such as prominin 1, 

activin A receptor, type II-like 1, fibroblast growth factor 1 and interleukin-6 were 

upregulated, which indicates that angiogenesis might be a component of early olfactory 

mucosal remodeling. Angiogenic factors may be expressed by blood vessels close to the 

basement membrane, infiltrating macrophages or OEG (Getchell et al., 2005).  

 In Shetty et al., gene expression changes were analyzed at 1, 5 and 7 days after 

bulbectomy. Overrepresented gene ontology categories were identified for certain tem-

poral expression patterns and for each individual time point. Also here, overrepresented 

gene ontology categories largely confirmed the cellular processes known to occur after 

bulbectomy, such as loss of synaptic contacts and subsequently a loss of neurons. A 

number of genes involved in these processes were reported to be regulated in both mi-

croarray studies, from which a large group was formed by synaptic genes (Table 1). In 

Shetty et al., immune response was also found as an overrepresented category, including 

genes involved in macrophage recruitment. At 5 and 7 days after bulbectomy, the pro-

duction of olfactory precursors was high and neuronal differentiation was initiated. The 

upregulation of the classical growth-associated protein GAP-43 at 5 days post-lesion 

and the concurrent upregulation of several other genes involved in axonogenesis cor-

roborated the vigorous axonal outgrowth exhibited by the newly formed olfactory neu-

rons at a molecular level. A remarkable finding was the overrepresented category of 

spermatogenesis, involving genes associated with the formation and function of sperm 

cilia. This may indicate that, despite the difference in motility of both types of cilia, the 

cilia on olfactory dendrites may have regulatory mechanisms in common with sperm 

flagella, which may function in signaling or transport of proteins to and from cilia 

(Shetty et al., 2005).  

 Temporal large scale gene expression studies are a first step in identifying path-

ways and interaction of genes. Genes which show a high correlation in expression pat-
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tern might be related and may function in the same pathway (Shetty et al., 2005). How-

ever, a drawback of the two mentioned studies is that the RNA was isolated from the 

entire mucosa, which means that regulated transcripts could be derived from numerous 

cell types, including primary olfactory neurons, sustentacular cells, lamina propria fibro-

blasts and OEG. Information on the cellular localization of all regulated transcripts will 

be required to determine the contribution of different genes to processes that occur in 

specific cell types. In order to elucidate the transcriptional networks governing neuro-

genesis, an analysis of the temporal overall gene expression changes in the neuroepithe-

lium instead of the whole mucosa would already be an advance as such, since temporal 

gene expression profiles will then be enriched for genes expressed in stem cells, neu-

ronal precursors and young neurons during the early post-lesion time points and for ma-

ture neurons during the later post-lesion time points.     

 

3.2. Axonal regeneration: neuronal control 

The regeneration process in the olfactory system is at least partly a recapitulation of de-

velopment, since these two distinct processes share the involvement of several transcrip-

tion factors including Mash1, Lhx2 and neurogenin 1 (Bertrand et al., 2002; Cau et al., 

2002; Hirota and Mombaerts, 2004; Manglapus et al., 2004; Porter et al., 1997). Many 

guidance cues known to play a role during development are also of importance during 

the re-establishment of primary olfactory connections. Developmental studies have 

shown that the type of OR, that is expressed by an olfactory neuron, plays an essential 

role in the establishment of the spatial map. This was supported by the demonstration of 

OR protein on axon terminals (Barnea et al., 2004; Strotmann et al., 2004). Loss- and 

gain-of-function experiments, as well as swap experiments, which affect the expression 

of a specific OR, resulted in loss of the precise glomerular targeting. In case of a re-

placement by another OR gene, axons were mostly redirected to a location close to the 

target glomeruli of the introduced receptor (Mombaerts et al., 1996; Wang et al., 1998). 

Replacements between the M71 and M72 OR genes formed an exception, since here 

axons were rerouted to the exact donor glomeruli (Feinstein and Mombaerts, 2004). 

M71 and M72 OR genes are expressed by olfactory neurons in the dorsal epithelium and 

these neurons also project axons to glomeruli in the dorsal part of the bulb (Ressler et 

al., 1994; Zheng et al., 2000). These experiments indicate that the OR plays an impor-

tant role in glomerular targeting, but ORs are not the only guidance cue. Although the 

mechanisms by which ORs control axonal guidance remain unknown, it was proposed 

that axons sort themselves out by the ability of growth cones to recognize OR amino 

acid differences on adjacent axons. Coalescence of axons into glomeruli is then based on 

homophilic interactions between axons with similar OR expression (Feinstein and Mom-

baerts, 2004). This model also proposes that during adulthood, new axons use existing 

axons as scaffolds to find the right glomerulus. Nevertheless, an earlier study by Gogos 
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et al. contradicts this presumption. In this study, a specific subpopulation of primary 

olfactory neurons, that expressed the odorant receptor gene P2, was ablated in adult ani-

mals. Olfactory neurons expressing the odorant receptor P2 project axons to the ventral 

region of the bulb (Cutforth et al., 2003; Mombaerts et al., 1996). The projection pattern 

of the new regrowing axons not expressing the P2 gene was almost identical to controls. 

Since 98% of the P2 neurons was killed, it would be unlikely that spared axons were 

still able to function as pioneers for regrowing axons (Gogos et al., 2000). The elegant 

approach in this study is that a well-defined subset of neurons was ablated and that the 

path that the primary olfactory axons had to follow remained entirely intact. This indi-

cates that the network of guidance determinants is expressed during adulthood and pro-

vides the required determinants for correct pathfinding.  

 Besides the type of OR, several other genes are known to play a role in the guid-

ance process. Cell adhesion molecules like members of the cadherin and catenin fami-

lies contributed to axon fasciculation in the external ONL. As soon as axons approached 

the inner ONL, neural cadherin and γ-catenin were downregulated and axons diverged 

in order to target the correct glomerulus (Akins and Greer, 2006). The cell adhesion 

molecule OCAM is involved in zone-specific axon bundling. Expression of OCAM is 

restricted to three epithelial zones and their corresponding zones in the bulb. When 

OCAM was overexpressed in P2 neurons, the OR-dependent convergence of axons was 

lost and glomeruli got innervated by axons expressing different receptors (Alenius and 

Bohm, 2003; Yoshihara et al., 1997). Genes like the BMP-type I receptor Alk6, neu-

ropilin-2, the homeobox gene Msx1 and retinoic acid synthesizing enzyme 2 (Raldh2), 

also show a spatial expression pattern in the epithelium and this pattern correlates with 

the zonal OR expression. These genes were expressed in different epithelial cell types 

and are probably involved in the establishment of correct zonal projections (Cloutier et 

al., 2002; Norlin et al., 2001). 

 In addition, the level of ephrin-A3 and ephrin-A5 expression on olfactory axons 

is important in the glomerular positioning of primary olfactory neurons expressing P2 or 

SR1 ORs during development. Olfactory neurons expressing the OR SR1 project axons 

to glomeruli at the ventral region of the bulb, located posterior to the P2 glomeruli 

(Cutforth et al., 2003). Ephrin proteins are membrane-attached molecules which are im-

portant in the control of cell migration during development and, more specifically, play 

a role as guidance molecules during neuronal growth-cone movement (Wilkinson, 

2001). Deletion or overexpression of ephrin-As resulted in a shift to more posterior or 

anterior glomerular postitions respectively. Since the level of ephrin-A3 and ephrin-A5 

expression was linked to the expression of the OR-type, it was assumed that ephrin-As 

and ORs cooperate in the formation of the spatial map (Cutforth et al., 2003).  

 Neuropilin-1 (NP1) mRNA is detected in primary olfactory neurons and NP1 

protein is present in the olfactory axons (Pasterkamp et al., 1998). NP1 is the receptor 
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for the chemorepulsive protein semaphorin 3A (Sema3A) and it was shown that NP1-

Sema3A interaction is important in the regeneration of primary olfactory axons. In the 

intact adult olfactory system, Sema3A is present in the second-order neurons in the ol-

factory bulb, which could indicate that it is involved in growth cessation of axons ena-

bling the formation of connections. Sema3A is also expressed by meningeal cells lo-

cated at the caudal part of the cribriform plate and it was shown that NP1 positive axons 

traversed the cribriform plate through Sema3A-negative gaps. After axotomy, these cells 

transiently increased the expression of Sema3A mRNA, thereby forming guidance chan-

nels for the growing olfactory axons. After bulbectomy, Sema3A mRNA-expression 

was increased in scar tissue cells that filled up the bulbar cavity. These Sema3A positive 

cells apparently impede the extension of NP1-positive axons (Pasterkamp et al., 1998). 

NP1-Sema3A interaction is also important in the formation of the spatial map during 

development. In E15 mice, NP1-positive primary olfactory neurons extended only into 

glomeruli at the rostrolateral and caudomedial bulb, thereby avoiding the ventral bulb 

where Sema3A is expressed. In these developmental studies, Sema3A was reported to 

be expressed by OEG in the ONL (Crandall et al., 2000; Schwarting et al., 2000). In 

Sema3A-deficient mice, the spatial organization was lost and NP1-positive axons also 

entered the ventral domain of the bulb. In addition, Sema3A-deficient olfactory bulbs 

lacked a subset of NP1-negative and OCAM-positive glomeruli, which implicates an 

essential role for Sema3A in the formation of the glomerular spatial map (Schwarting et 

al., 2000; Taniguchi et al., 2003). Two studies showed that the mutual arrangement of 

P2-glomeruli was also affected in Sema3A-deficient mice (Schwarting et al., 2004; Ta-

niguchi et al., 2003), although only in the last study P2-glomeruli were positioned more 

ventrally and they were smaller and more numerous than in the littermate controls 

(Schwarting et al., 2004).  

 Besides the primary olfactory neurons and the outer layer of the olfactory bulb, 

also cells within the deeper layers of the bulb, including the glomerular and external 

plexiform layers, may play a role in axon guidance. Multiple sub-domains could be 

identified in these layers during development based on similar gene expression patterns. 

Moreover, it was shown that the expression of several genes in these domains, such as 

connective tissue growth factor and the protocadherins 7 and 17, were affected after 

epithelial lesion (Lin et al., 2004; Williams et al., 2007).    

 

3.3. Axonal regeneration: glial control 

OEG are a growth-permissive substrate for regrowing axons. Several studies have 

shown that OEG support axonal outgrowth in vitro (Chung et al., 2004; Kafitz and 

Greer, 1999; Ramon-Cueto et al., 1993). A number of factors have been identified, 

which probably play a role in promoting axonal outgrowth by OEG. Cultured OEG se-

crete several neurotrophins like BDNF and glial cell line-derived neurotrophic factor 
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(GDNF). NGF is expressed by OEG in vitro and in vivo (Carter and Roskams, 2002; 

Woodhall et al., 2001). Cell adhesion molecules including N-CAM and L1, expressed 

by OEG, are probably involved in glia-axon adhesion. Furthermore, OEG express ECM-

molecules like laminin, fibronectin and collagen type IV (Doucette, 1996). Especially 

laminin is known to act as a growth-promoting substrate for olfactory axons (Kafitz and 

Greer, 1997). Together with sustentacular cells, OEG also express high levels of the 

lipid transporting protein apolipoprotein E (ApoE) around the nerve fascicles. Since 

ApoE knockout mice showed a delayed recovery after epithelial lesion, ApoE may play 

an essential role in the recycling of membrane lipids from degenerated primary olfactory 

neurons or axons to support new basal cell differentiation and axonal growth (Nathan et 

al., 2005; Nathan et al., 2007).  

 The distribution of OEG throughout the ONL is not homogeneous, but rather 

organized in different laminas (Au et al., 2002). OEG in the olfactory nerve and the 

outer ONL sublamina expressed the low affinity nerve growth factor receptor p75 

(Turner and Perez-Polo, 1992), whereas NPY was only expressed in the inner ONL. 

Also GFAP was present in the inner ONL and in the GLs. S100 was distributed through-

out the ONL. OEG in the inner and outer nerve layer were differentially organized. In 

the inner ONL, the arrangement of OEG with axons was more orderly, compared with 

the outer ONL. This indicates that OEG have different functions in the inner and outer 

laminas of the ONL. In the outer lamina OEG support axon extension, while in the inner 

lamina axons are guided to glomeruli in order to allow reinnervation of target cells (Au 

et al., 2002; Franceschini and Barnett, 1996). During development NPY expression 

started just before synapses are formed between olfactory axons and their target cells in 

the glomeruli. It might therefore play a role in the final stage of outgrowth of olfactory 

axons and in the maturation of primary olfactory neurons. NPY was also expressed in 

OEG surrounding the nerves from epithelium to bulb in embryos as well as in adult rats 

and may therefore also be involved in guidance and/or growth of olfactory axons (Ubink 

et al., 1994; Ubink and Hokfelt, 2000).  

 

 

4. Transplantation of OEG in the injured spinal cord 

Injury to axonal tracts in the spinal cord results in permanent loss of functional connec-

tions. The failure of spinal nerve tracts to regenerate is caused by both an insufficient 

intrinsic neuronal growth capacity and by external factors, of which the fibroglial scar 

plays a predominant role in axon regrowth impediment. The ‘primary injury’ or the ac-

tual compression or penetration of the spinal cord initiates a cascade of cellular and mo-

lecular events usually referred to as ‘secondary injury’. Secondary injury involves 

macrophage infiltration, glia reactivity, tissue necrosis and formation of cystic cavities 

(Ramer et al., 2005).  



CHAPTER 1 

24 

OEG play a key role in regrowth and guidance of newly formed olfactory axons and 

have also been shown to support neurite outgrowth in vitro (Kafitz and Greer, 1999; 

Sonigra et al., 1999). Several studies examined the ability of OEG to promote axonal 

regeneration in the injured CNS. Most studies focused on the effects of OEG trans-

planted in a number of different spinal cord injury (SCI) models.  

 

4.1. Application of OEG transplantation in animal models of spinal cord trauma 

A variety of injury models have been used to study effects of OEG transplantation on 

the regeneration of spinal cord tracts as therapeutic strategy. In Table 2, all OEG trans-

plantation studies in the spinal cord are summarized. Only studies using primary cul-

tures of OEG were included and no studies that employed combination therapies to give 

an overview of the results of OEG alone. Most studies show positive effects of OEG on 

axonal regrowth and functional recovery. However, there is a significant number of 

more recent reports that contradict these results by showing no or very limited beneficial 

effects. The regeneration-promoting effects of OEG after implantation in the injured 

spinal cord have therefore been called into question (Boyd et al., 2004; Collazos-Castro 

et al., 2005; Lee et al., 2004; Lu et al., 2006; Ramer et al., 2004b; Riddell et al., 2004; 

Steward et al., 2006; Takami et al., 2002).  

 Biological differences and a number of technical issues complicate the interpreta-

tion of the results of OEG transplantation. Biological differences involve the lesion 

paradigm, the source of OEG (lamina propria or olfactory bulb), the age of the animals 

from which the cells are obtained, the method of culturing (purification, addition of mi-

togens, time of culture, fresh or frozen cells) and the transplantation strategy (single 

cells or cell matrix, delayed or acute transplantation) (Harvey and Plant, 2006). Techni-

cal differences between laboratories working with OEG include differences in cell label-

ing to track the cells in vivo after transplantation, immunohistochemical detection proce-

dures, and the type of tests used to evaluate functional recovery of the transplanted ani-

mals. The different experimental strategies could explain some of the differences in out-

come. However, contrasting results of similar experimental approaches have been re-

ported as well (Barnett and Riddell, 2007; Plant et al., 2003; Steward et al., 2006; Ta-

kami et al., 2002). 

 In general, five beneficial effects of OEG, which all may contribute to increased 

functional recovery, have been reported. These effects are illustrated in Fig. 3 and in-

clude: 1. stimulation of axonal outgrowth, 2. axonal and tissue sparing, 3. the ability of 

OEG to migrate from the lesion site into the host scar tissue, 4. promotion of angiogene-

sis and 5. remyelination of spinal cord axons. In the next section the observations on 

these effects of OEG following implantation in the spinal cord will be discussed. A 

comprehensive overview of the results can be found in Table 2. 
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4.1.1. Axonal outgrowth and sparing  

The first studies on OEG implantation reported robust axonal outgrowth and functional 

recovery (Li et al., 1997; Li et al., 1998; Ramon-Cueto and Nieto-Sampedro, 1994; 

Ramon-Cueto et al., 1998; Ramon-Cueto et al., 2000). After complete transection and 

OEG transplantation, descending as well as ascending axons traversed the lesion site 

and reached distances of 1.5 and 2.5 cm respectively. This is the largest distance ob-

served for regrowing central axons after OEG implantation so far. Furthermore, the level 

of recovery of locomotor function and sensorimotor reflexes appeared to be correlated 

with the distance of axonal regeneration (Ramon-Cueto et al., 1998; Ramon-Cueto et al., 

2000). Following OEG transplantation in an electrolytic lesion of the corticospinal tract 

(CST), functional recovery was correlated with the presence of an OEG-bridge at the 

lesion site and consequently with the number of axons crossing the lesion (Li et al., 

1997). Also OEG implantation after rhizotomy resulted in an increase of axons crossing 

the dorsal root entry zone and ingrowth into the spinal cord (Li et al., 2004; Navarro et 

al., 1999; Ramon-Cueto and Nieto-Sampedro, 1994). However, a considerable number 

of studies have shown no increase in axonal outgrowth after OEG implantation (listed in 

Table 2). There are a number of differences in experimental strategy as mentioned be-

fore which could affect the results on outgrowth promotion after OEG implantation and 

may explain these discrepancies.  

 First, in most studies OEG were implanted directly after lesioning the spinal cord. 

From a clinical point of view however, delayed OEG transplantation in a chronic injury 

paradigm is more relevant than acute transplantation. In one chronic injury model, ani-

mals received an OEG implant 8 weeks after heat lesion of the dorsal CST, during 

which period no spontaneous recovery was observed. These rats recovered similar to 

animals that received acute OEG transplants and their functional recovery was better 

than untreated controls (Keyvan-Fouladi et al., 2003; Li et al., 1997). In a recent study, 

OEG were implanted 6 weeks after complete transection, which also still resulted in 

enhanced axonal regeneration and a moderate improvement of electrophysiological 

function and of hindlimb movements, although the effects were less strong than after 

acute or 1 week delayed transplantation (Lopez-Vales et al., 2006; Lopez-Vales et al., 

2007). In this study, acute transplantation resulted in a slightly better outcome than 1 

week delayed transplantation (Lopez-Vales et al., 2006). Another study however 

showed more beneficial effects of delayed transplantation (Plant et al., 2003). These 

results at least showed that delayed transplantation could still lead to increased axonal 

outgrowth, but a difference between acute or delayed transplantation could not explain 

the overall discrepancies in outcome.  

 Second, the lesion model could affect the results. Several studies in which acute 

and delayed transplantation of OEG was applied after contusion injury showed no ef-
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fects on axonal outgrowth and locomotor recovery (Barakat et al., 2005; Collazos-

Castro et al., 2005; Resnick et al., 2003; Takami et al., 2002). In two studies, SC grafts 

improved outgrowth and functional outcome significantly better than OEG (Barakat et 

al., 2005; Takami et al., 2002). These relatively negative results after contusion injury 

could be related to the type of injury. Contusion is the most complex and severe lesion 

paradigm and generally results in the formation of large cystic cavities and extensive 

hemorrhage and secondary tissue loss (Beattie et al., 1997). However, clinically, it is the 

most relevant injury model, since it mimics the neuropathology of most human spinal 

cord injuries (Bunge et al., 1997). Since the survival of OEG was also observed to be 

limited (Barakat et al., 2005), OEG may be vulnerable to cytotoxic signals after contu-

sion injury. SCs also died after delayed transplantation in contused spinal cord, which 

indicates that the spinal cord environment after contusion is hostile to cell transplants in 

general (Hill et al., 2006; Pearse et al., 2007). On the other hand, although half of the 

studies with negative results involved mild to severe contusion injury (Table 2), OEG 

have also been shown to promote regeneration of supraspinal axons and improve 

hindlimb performance after contusion injury (Plant et al., 2003). Moreover, other injury 

models like large laceration injuries resulting in severe cavity formation also impeded 

OEG survival (Deumens et al., 2006a; Deumens et al., 2006b; Ramer et al., 2004a). A 

limited survival of transplanted cells can therefore not be explained by the lesion type 

exclusively.  

 Third, a different source of OEG may result in intrinsic differences of the cells 

Figure 3 Five neuroregeneration-promoting effects of OEG after implantation into the injured spi-

nal cord. Five effects of OEG have been reported, which may contribute to improved functional 

recovery. These effects include stimulation of axonal outgrowth, axonal and tissue sparing, angio-

genesis, the ability to interact with scar cells and/or migrate into host scar tissue and remyelination 

of spinal cord axons.     
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with respect to their growth promoting potential. In most studies, OEG were obtained 

from the olfactory bulb. These OEG have shown conflicting results on axonal outgrowth 

promotion (Table 2). However, the lamina propria would be an easier and perhaps the 

only acceptable source to obtain cells for autologous transplantation in humans. The first 

studies with OEG from the lamina propria (LP-OEG) were carried out after complete 

transection. Acute as well as delayed transplantation of pieces of lamina propria resulted 

in regrowth of axons across the lesion site and recovery of locomotor functions (Lu et 

al., 2001; Lu et al., 2002). This study was repeated in a completely identical experiment. 

In this study no effects of LP-OEG were observed (Steward et al., 2006). This indicates, 

as also concluded by the authors, that although it can not be excluded that LP-OEG 

transplantation may have beneficial effects under certain conditions, the effects are not 

robust.  

 An additional complicating factor involved in examining axonal outgrowth pro-

motion, is that unless the spinal cord is completely transected, it is difficult to determine 

whether the regrowing axons are truly regenerating axons, spared axons or collateral 

sprouts from spared tracts. Since OEG transplantation after dorsal CST transection in-

creased the number of collateral sprouts of the ventral CST, OEG may enhance survival 

of spared axons and this may underlie the observed functional improvement (Chuah et 

al., 2004). It was also shown that OEG transplantation had a beneficial effect on the sur-

vival of interneurons, which may have caused the formation of new intraspinal circuits 

and which may partly account for improved locomotor function (Sasaki et al., 2006b). 

Moreover, it was shown that OEG promote tissue sparing, including sparing of intraspi-

nal neurons, which could influence the functional outcome (Plant et al., 2003; Ruiten-

berg et al., 2003; Ruitenberg et al., 2005; Verdu et al., 2003). A neuroprotective effect of 

implanted OEG could also be the explanation for the improved electrophysiological 

function in sensory pathways, which was recently shown after a dorsal column lesion, 

since no long-distance axonal regeneration was observed (Toft et al., 2007).    

 Summarizing, OEG have been shown to improve functional recovery after im-

plantation in the injured spinal cord. However, a number of reports contradict these 

positive results, which cannot simply be explained by differences in experimental strat-

egy.   

 

4.1.2. Migration and interaction with scar tissue cells 

An essential component of the mechanisms behind the growth-promoting properties of 

implanted OEG encompasses their potential ability to migrate through neural scar tissue. 

By migrating from the injection site, OEG might form a bridge crossing the lesion, 

thereby functioning as a scaffold for regrowing axons. This hypothesis implicates that 

implanted OEG are able to acquire properties which they do not display in their native 

environment. In the olfactory system, OEG appear to maintain their channel-like organi-
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zation after an injury and do not migrate over long distances (Li et al., 2005b; Williams 

et al., 2004). 

 To study migration in vivo, an appropriate cell labeling technique is crucial to 

track cells after implantation. Studies which reported substantial migration of OEG of 

up to 1.5 cm generally employed improper labeling methods, by using labels like 

Hoechst which can potentially leak out of the OEG to surrounding cells. These labeling 

techniques have resulted in an overestimation of the number of migrated cells and in the 

distance OEG migrate in the injured spinal cord (Boruch et al., 2001; Harvey and Plant, 

2006; Ramon-Cueto and Nieto-Sampedro, 1994; Ramon-Cueto et al., 1998; Ramon-

Cueto et al., 2000; Resnick et al., 2003; Steward et al., 2006). Furthermore, the lack of 

specific OEG markers can cause misleading results in immunohistochemical studies 

since OEG and invading endogenous SCs can not be discriminated (Keyvan-Fouladi et 

al., 2003; Li et al., 1998). The first reliable labeling method involved the ex vivo trans-

duction of OEG before implantation by adeno- and lentiviruses (LV) encoding LacZ or 

GFP. Lentiviral infection resulted in stable transduction for at least 4 months. Co-

labeling with LV-GFP and Hoechst showed that Hoechst positive nuclei were present 

outside the area of implanted cells, indicating leakage of Hoechst label (Ruitenberg et 

al., 2002). Furthermore, by using a viral vector-directed labeling technique it was shown 

that OEG did not migrate but remained at the lesion site (Lakatos et al., 2003a; Ruiten-

berg et al., 2002). Other studies that used reliable labeling methods, like labeling by 

magnetic particles or the use of OEG from GFP-transgenic animals, reported a limited 

migration potential of OEG of only a few millimetres as well (Lee et al., 2004; Ramer et 

al., 2004a). In a report by Lu et al., the localization of OEG after injection was studied at 

different post-implantation time points. Since the track of OEG that is often seen from 

the injection site to the lesion site, appeared already within one hour after injection of 

the cells, the authors concluded that OEG entered the lesion by diffusion of cells rather 

than active migration. In addition, very similar track formation was observed with trans-

plants of bone marrow stromal cells or fibroblasts. However, OEG were dispersed 

throughout the lesion at later time points (Lu et al., 2006). Although OEG, bone marrow 

stromal cells and fibroblasts equally reduced cavity formation, it would be interesting to 

compare OEG with SCs at these early time points and examine the diffusion and migra-

tory ability of SCs.  

 A unique property of OEG that distinguishes them from SCs is their ability to 

freely intermingle with ACs. This ability is in line with their native behavior and func-

tion in the olfactory system, since OEG are intermixed with ACs at the border of the 

ONL and GL in the olfactory bulb, thereby creating a growth-permissive pathway for 

the olfactory nerves (Li et al., 2005b). SCs on the contrary do not mix with ACs at the 

dorsal root entry zone. Both cell types can be found in strictly separated areas at the pe-

ripheral-central interface. 
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Also in co-cultures of OEG and ACs, OEG intermingle with ACs. When SCs are co-

cultured with ACs however, a barrier was formed between both cell types and neither 

SCs nor ACs crossed this barrier (Lakatos et al., 2000). In addition, contact between 

ACs and SCs, but not with OEG, resulted in an up-regulation of growth inhibitory chon-

droitin sulphate proteoglycans (CSPGs) in ACs in vitro and in vivo (Garcia-Alias et al., 

2004; Lakatos et al., 2003a; Ramer et al., 2004a; Verdu et al., 2003). Degradation of 

these CSPGs resulted in more SC/AC intermingling, which suggests a prominent role 

for CSPGs in the interaction between ACs and SCs (Grimpe et al., 2005). Another mole-

cule that may be involved in this interaction is the adhesion molecule N-cadherin. Al-

though both OEG and SCs express N-cadherin, treatment with N-cadherin siRNA of 

SCs resulted in an increased ability to move freely between ACs. No effects were seen 

on OEG even though OEG also express N-cadherin. This suggests that N-cadherin acts 

differently in OEG and SCs and that it is involved in the failure of intermingling of SCs 

and ACs (Fairless et al., 2005). It was also suggested that the SC-induced astrocytic 

stress response involves the fibroblast growth factor (FGF) family member FGF2 and 

the FGF-receptor 1 and that this response is mediated by heparan sulphate proteoglycans 

(HSPGs). A different expression profile of HSPGs in OEG compared to SCs may under-

lie a difference in FGF-FGF-receptor 1 signaling in astrocytosis (Santos-Silva et al., 

2007)    

 Interestingly, it was recently shown that the myelin-associated growth inhibitory 

molecule Nogo was involved in the inhibition of OEG migration and promotion of their 

adherence. Cultured OEG expressed the Nogo-66 receptor and when this receptor was 

enzymatically released from the cells or functionally blocked, the migration of OEG on 

a Nogo-66 substrate was enhanced. In addition, it was demonstrated that OEG showed a 

similar increased adhesion and reduced migration on a monolayer of oligodendrocytes, 

which are known to express Nogo, and this effect could also be abolished by neutraliz-

ing the Nogo-66 receptor on OEG. Moreover, when anti-Nogo-66 antibodies were deliv-

ered in the injured spinal cord after OEG implantation, OEG migrated further along the 

vertical axis of the spinal cord. These results indicate that the absence of OEG migration 

after implantation in several studies could be related to the presence of Nogo-66 in the 

lesion site, expressed by oligodendrocytes. As also mentioned in this study, it would be 

interesting to see whether blocking the Nogo-receptor in implanted OEG would enhance 

the overall potential of OEG to promote spinal cord regeneration (Su et al., 2007). 

 Since no genuine widespread migration of OEG has been shown until now, it is 

more likely that OEG create a permissive environment in their direct surroundings by 

the interaction with scar tissue cells. It was proposed by Raisman and Li that the interac-

tion between OEG and ACs opens the glial scar in such a way that OEG can form new 

glial pathways which function as channels for regenerating axons. This was called the 

‘pathway hypothesis’ (Li et al., 2005b; Raisman and Li, 2007). The interaction between 
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OEG and scar tissue cells may not only improve the conditions for axon outgrowth but 

may also facilitate the migration of endogenous SCs. This last suggestion was recently 

supported by a study of Cao et al., in which it was shown that OEG augmented the mi-

gration of SCs by secretion of NGF in vitro (Cao et al., 2007). Moreover, in another 

recent study it was shown that the matricellular protein SPARC, which is expressed by 

OEG, indirectly enhances the ability of SCs to stimulate neurite outgrowth of dorsal root 

ganglia (DRG) in vitro (Au et al., 2007). Understanding the molecular mechanism be-

hind the interaction difference between OEG and SCs with the scar is essential to un-

ravel the unique properties of OEG after implantation in the injured spinal cord. 

 

4.1.3. Angiogenesis 

Angiogenesis is a process required for wound repair in general, since new blood vessels 

provide nutrients and enable the clearance of debris. In the injured spinal cord, a lack of 

sufficient blood supply has been hypothesized to contribute to the inability to regener-

ate. Furthermore, a correlation between angiogenesis and increased axon growth and 

functional recovery was shown after contusion injury (Loy et al., 2002). Several studies 

reported an increase in the formation of new blood vessels after OEG implantation (Li et 

al., 1998; Lopez-Vales et al., 2004; Ramer et al., 2004a; Ramer et al., 2004b; Richter et 

al., 2005). It has been proposed that formation of new blood vessels might function as a 

scaffold for migrating glia as well as for regrowing axons and could therefore contribute 

to positive effects on regeneration (Ramer et al., 2004a). New blood vessels after OEG 

implantation were directed towards the lesion site. Therefore blood vessels may form 

scaffolds for axons to extend along (Ramer et al., 2004a; Richter et al., 2005). In addi-

tion, OEG are known to express vascular endothelial growth factor (VEGF) and VEGF 

was upregulated after implantation in the photochemically injured spinal cord (Au and 

Roskams, 2003; Lopez-Vales et al., 2004). Interestingly, angiogenesis-related genes, 

such as prominin 1, which is a marker for hematopoietic progenitor cells, and growth 

factor genes like activin A receptor, type II-like 1 and fibroblast growth factor 1 were 

upregulated in the mucosa shortly after bulbectomy, which indicates that angiogenesis 

may be an important process during olfactory mucosal reconstitution (Getchell et al., 

2005). Angiogenesis-promoting genes may have been expressed by OEG, which would 

imply a direct link between an intrinsic ability of OEG to induce angiogenesis and an-

giogenic properties after implantation. 

 

4.1.4. Remyelination 

In their natural environment, OEG do not myelinate olfactory axons. It was hypothe-

sized that, like in the PNS, the thickness of the axons determines whether axons are 

myelinated by their surrounding glia. If so, OEG might be able to myelinate large di-
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ameter axons (see for review Boyd et al., 2005).  

 There are conflicting reports about the myelinating potential of OEG. Myelina-

tion by OEG was shown for the first time in an in vitro experiment, in which OEG mye-

linated the neurites of DRG (Devon and Doucette, 1992). A similar study by Plant and 

colleagues, contradicted these results. OEG did not myelinate DRG neurites and it was 

concluded that the treatment of the DRG cultures with fluorodeoxyuridine/uridine did 

not eliminate all contaminating SCs, which may have caused the observed myelination 

in the previous study (Plant et al., 2002). The property of OEG to remyelinate spinal 

cord axons after implantation was studied in demyelinating lesions, which were created 

by x-ray irradiation and injection of ethidium bromide. This type of lesion is character-

ized by necrosis of host-glia and extensive demyelination, while the axon tracts remain 

largely intact. Since all endogenous glia and progenitors are killed, no spontaneous re-

myelination should occur (Blakemore, 1984). Two groups studied the myelinating ca-

pacity of OEG in this lesion type in several studies, which all resulted in remyelination 

of spinal cord axons and an increased conduction velocity (Akiyama et al., 2004; Frank-

lin et al., 1996; Imaizumi et al., 1998; Kato et al., 2000; Lakatos et al., 2003b; Radtke et 

al., 2004; Sasaki et al., 2006a). However, it was unclear whether OEG are directly or 

indirectly responsible for the myelination. Many studies provided both evidence for the 

presence of implanted cells as well as evidence for remyelination, but did not elucidate 

whether the implanted OEG were directly remyelinating denuded or new axons. It was 

suggested that endogenous SCs, invading the lesion site myelinated axons rather than 

the implanted OEG. Since the myelin formed in these studies was always peripheral 

myelin it is not unlikely that SCs were the myelinating cell. Several mechanisms were 

put forward to explain an indirect action of OEG. One hypothesized mechanism is that 

OEG, by the release of specific growth factors, change the environment of the lesion site 

in such a way that the migration of endogenous SCs is extensively stimulated (Boyd et 

al., 2005; Ramer et al., 2004a). Ultrastructural observations suggested that myelinating 

cells, associated with axons, were enwrapped by other cellular processes in a tunnel-like 

arrangement. It was proposed, regarding the similarity of these structures with OEG 

ensheathment in the olfactory system, that SCs were the myelinating cells and that the 

channel-forming cells around these structures were OEG (reviewed in Boyd et al., 

2005). In addition, transected optic nerve fibers were only remyelinated after SC trans-

plantation and not after transplantation of OEG (Li et al., 2003; Li et al., 2007a). 

 In contrast to all this, two recent studies demonstrated a direct role for OEG in 

remyelination. Dombrowski et al. transplanted OEG from GFP-expressing transgenic 

rats into the sciatic nerve after crush lesion. GFP-expressing OEG distributed longitudi-

nally in the nerve and associated with the remyelinated fibers, containing Caspr-positive 

paranodal regions (Dombrowski et al., 2006). Even more striking is the study by Sasaki 

et al, who implanted OEG from GFP-expressing rats into the spinal cord. Colocalisation 
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of GFP-positive OEG and P0, a marker for peripheral myelin, provides compelling sup-

port for the idea that the myelinating cells were indeed the implanted OEG. In addition, 

OEG also supported the formation of nodes of Ranvier and a restoration of conduction 

velocity (Sasaki et al., 2006b). The results from these last reports are strongly suggestive 

of the idea that OEG possess the potential to directly remyelinate axons in vivo, al-

though it remains to be elucidated which molecular mechanisms are underlying this re-

myelinating capacity of OEG. 

 

4.2. Clinical potential of OEG   

One of the first aspects to consider when discussing the clinical potential of OEG is the 

source from which OEG can be obtained in the human setting. Several sources have 

been investigated and are considered as relatively accessible sources of viable OEG, 

including aborted fetuses, mucosa biopsies and cadaver donors (Bianco et al., 2004; 

Huang et al., 2003; Miedzybrodzki et al., 2006). For ethical and technical reasons such 

as graft rejection, autologous transplantation is the best option.  

 Despite the controversies concerning the reproducibility of the effects of trans-

planted OEG after SCI in animal models, OEG transplantation has been carried out in 

humans (Feron et al., 2005; Huang et al., 2003; Huang et al., 2006a; Huang et al., 

2006b; Lima et al., 2006). A phase I clinical trial was conducted to test the safety and 

feasibility of autologous OEG transplantation in the human spinal cord. A control group 

was included and no serious adverse effects or complications were reported in this study 

(Feron et al., 2005). Olfactory mucosa autografts were transplanted in another clinical 

study, which reported functional improvements in ASIA motor scores, but this study 

was designed without controls (Lima et al., 2006). The studies by Huang et al. were ex-

tensively reviewed by Dobkin et al. Implantation procedures did not meet validated in-

ternational standards for a safety and efficacy trial (Dobkin et al., 2006). Functional im-

provements were already noticed a few days after the surgery, which is more likely re-

lated to the surgical intervention itself rather than a true effect of OEG (Dobkin et al., 

2006; Huang et al., 2006a). Moreover, an independent observational study reported in-

adequacies in the clinical procedure employed by Huang et al. concerning for example 

the nature of the implanted cells. Since the cells were obtained from fetal tissue, it is 

difficult to identify the cell type(s) used for transplantation and because they appeared to 

be negative for the marker S100, the transplanted cells could have been ACs or imma-

ture cells (Dobkin et al., 2006).   

 A prerequisite before starting clinical trials should be that there are at least con-

sistent and convincing results in animal studies. There is a great need for experiments 

focusing on understanding the lack of the consistency between transplantation experi-

ments with OEG in animal experiments (Fawcett et al., 2007; Lammertse et al., 2007; 
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Steeves et al., 2007; Tuszynski et al., 2007). Clarifying the fundamental mechanisms 

that underlie the regeneration-promoting potential of OEG should have high priority. 

Furthermore, the beneficial effects of OEG transplantation in lesion models should be 

compared with other cell types to distinguish unique properties of OEG from general 

effects of cell transplantation (Lu et al., 2006).  

 

5. Exploring the unique properties of OEG: comparison with SCs  
OEG and SCs have many morphological and molecular characteristics in common. 

Since these cells have a different embryological origin this is somewhat surprising. OEG 

are not derived from the neural crest, like SCs and most other glia, but originate from 

the olfactory placode. SCs and OEG share cell markers like p75, S100 and GFAP, ex-

pression of extracellular matrix molecules like fibronectin and laminin and cell adhesion 

molecules, for example L1 and N-CAM (reviewed in Wewetzer et al., 2002). They also 

express the same growth factors albeit often at different levels, including NGF, BDNF, 

GDNF, FGF and CNTF (Au and Roskams, 2003; Chuah and West, 2002; Oudega and 

Xu, 2006; Ramon-Cueto and Avila, 1998).  

 SCs have been successfully used as therapeutic cell transplants after SCI in ani-

mal models for more than 3 decades. They are able to promote axonal regeneration and 

remyelination, but SC transplantation does not lead to axonal outgrowth beyond the le-

sion site (reviewed in Oudega and Xu, 2006). A number of studies have directly com-

pared the effects of OEG and SC transplantation. OEG and SCs have been reported to 

equally remyelinate axons and resulted in similar functional recovery (Akiyama et al., 

2004; Imaizumi et al., 2000a; Imaizumi et al., 2000b). As mentioned before however, it 

is difficult to examine unique OEG effects in most studies because of the presence of 

endogenous SCs. Although OEG have been shown to be able to directly remyelinate 

axons (Dombrowski et al., 2006; Sasaki et al., 2006a), the influence of migrating en-

dogenous SCs on the overall functional outcome cannot be excluded. After contusion 

injury, SCs have been reported to be the superior cell type in promoting axonal out-

growth and improving functional recovery and SCs were even more effective then a 

combination of SCs and OEG (Barakat et al., 2005; Takami et al., 2002). After transec-

tion however, SC-filled channels were transplanted in the transected spinal cord flanked 

by implanted OEG, and in contrast to contusion injury, axonal extension across a spinal 

cord-SC channel interface was enhanced by the presence of OEG (Ramon-Cueto et al., 

1998).  

 To compare the regeneration-promoting role of OEG and SCs in their natural 

environment, the behavior of OEG after an injury of the olfactory system was investi-

gated and compared with the SC-response during Wallerian degeneration after a periph-

eral lesion (Williams et al., 2004). After damage in the PNS, SCs dedifferentiate into 

non-myelinating SCs, proliferate and migrate. They form conduits, called bands of 
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Büngner, which function as a substrate for the regrowing peripheral fibers. Upon axonal 

contact, SCs differentiate and remyelinate the nerves in a one-to-one relationship. In 

contrast to SCs, OEG did not proliferate or migrate in response to a lesion. OEG re-

mained connected after epithelial lesions or after intracranial axotomy and maintained 

their tube-like organization along which new axons could regrow (Li et al., 2005a; Wil-

liams et al., 2004). Although there may be a difference in OEG and SC behavior in this 

respect, epithelial lesion and intracranial axotomy cannot directly be compared with 

peripheral transection. Lesioning the epithelium does not physically damage the axons 

and ensheathing glia and transecting the olfactory nerve between the cribriform plate 

and the olfactory bulb results in only a proximal nerve end, which is different from a 

transection in the peripheral nerve. In the peripheral nerve, the SC organization in the 

proximal nerve segment remains largely intact like OEG in the olfactory system. It 

would therefore be interesting to investigate the response of OEG after transecting the 

olfactory nerve in the lamina propria.  

 Nevertheless, structural differences between both nervous systems could be in-

volved in the potential distinctive behavior of OEG and SCs. One major difference is the 

presence of myelin in the PNS. During Wallerian degeneration, myelin sheets degener-

ate, resulting in gaps between adjacent SCs, which have to be filled in by proliferating 

SCs (Williams et al., 2004). Furthermore, SCs surround only one axon, while individual 

OEG can enwrap thousands of axons by cytoplasmic sheets. This complex ensheathment 

by OEG may therefore be more difficult to re-establish.  

 During Wallerian degeneration, SCs and macrophages cooperate in the phagocy-

tosis of myelin debris (Hirata and Kawabuchi, 2002). Despite the absence of myelin 

debris in the olfactory system, also OEG displayed the ability to remove degenerated 

axons by phagocytosis, which resulted in a hypertrophy of OEG. In addition, the mainte-

nance of open conduits gave erythrocytes and macrophages the opportunity to travel all 

the way from the lesion site towards the lamina propria, thereby contributing to the re-

moval of debris from the inner space (Li et al., 2005a). 

 As mentioned before, an important difference between both cell types in their 

native environment is their interaction with CNS cells. Whereas OEG were intertwined 

with ACs at the entrance of axons into the olfactory bulb, SCs were strictly separated 

from ACs at the dorsal root entry zone. This is reflected in their in vitro behavior in co-

cultures and may play an important role in their beneficial properties after transplanta-

tion.  

 Intrinsic differences could be crucial in understanding cell-specific molecular 

mechanisms. A comparison between the gene expression profiles of OEG and SCs could 

provide this information. In addition, markers could be identified to discriminate the 

cells after implantation. In a first microarray study, gene expression profiles of cultured 

OEG were compared with cultured SCs and ACs. OEG were found to be closer related 



CHAPTER 1 

40 

to SCs than to ACs. Several new genes were identified to be expressed by OEG, such as 

Gro1, the cell adhesion molecule Chl1 and lysozyme (Vincent et al., 2005). In a proteo-

mic analysis of OEG and SCs, the actin-binding protein calponin was identified as being 

exclusively expressed in OEG and was thereby presented as the first definitive marker to 

distinguish OEG from SCs (Boyd et al., 2006). This finding was also used to demon-

strate that OEG cultures were contaminated with SCs, originating from peripheral axons 

present in the mucosa and the bulb (Rizek and Kawaja, 2006). However, a recent report 

showed that calponin was not expressed by p75- and S100-positive OEG in the olfactory 

system, but by fibronectin-positive fibroblasts in the mucosa and meningeal cells in the 

bulb (Ibanez et al., 2007).  

 In another study, long-term cultured OEG, which are known to have lost their 

growth-promoting properties, were compared with short-term cultured OEG and an 

OEG cell line. Timp2 had a lower expression in the short-term cultures and metallopro-

teinase 2 (MMP2) was enhanced in expression. MMP2 gene silencing by RNAi in a 

monolayer of OEG reduced axon outgrowth of retinal neurons placed on these OEG 

(Pastrana et al., 2006). Interestingly, it was reported that MMP2 was involved in scar 

formation in the injured spinal cord. MMP-2-deficient mice had more extensive glial 

scarring and increased expression of CSPGs compared to their wild-type littermates. 

Furthermore, locomotor recovery was impaired in MMP-2 null mice (Hsu et al., 2006). 

This might implicate that OEG help to positively modulate the scar by the expression of 

MMP2 and thereby promote regeneration.  

 

6. Concluding remarks  
Robust axonal regeneration within and into the CNS is virtually impossible to achieve. 

The primary olfactory nervous system forms an exception in that primary olfactory neu-

rons do extend axons into the adult CNS which establish functional connections. Axonal 

growth in the primary olfactory nervous system is for a large part relying on neurogene-

sis in the olfactory epithelium and axon extension along OEG, which maintain an out-

growth-permissive environment in the fila olfactoria and the ONL surrounding the ol-

factory bulb. The interaction of OEG with ACs in the inner ONL may be crucial for the 

penetration of primary olfactory axons into the glomeruli. Cultured OEG support robust 

neurite outgrowth and are able to intermingle with ACs, which form a major cellular 

component of the neural scar in SCI. Based on these observations it was assumed that 

implants of OEG may be able to create an outgrowth-permissive environment in the 

injured spinal cord. In the last two decades, the potential of OEG as a regeneration-

promoting cell type has been explored in many SCI lesion studies. The data obtained so 

far are quite inconsistent with regard to direct effects of OEG on regenerative neurite 

outgrowth following SCI, but overall it appears that transplants of OEG enhance spar-

ing, promote angiogenesis and myelinate new axons. The most striking and unique fea-
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ture of OEG is that they change the organization of the neural scar by intermingling with 

ACs. At ectopic sites such as the injured spinal cord OEG may therefore support axonal 

outgrowth by making the scar a more favourable environment for axon penetration and 

migratory activity of invading SCs. However, these properties may be insufficient to 

promote robust regeneration in a complex cellular environment formed at the injury site 

of the damaged spinal cord, which is obviously completely different from the environ-

mental conditions in the intact or injured olfactory system. Therefore, OEG implantation 

alone may not be enough for spinal cord repair and will require combinations with other, 

synergistic, therapies (Barnett and Riddell, 2007).   

 In the future it will be essential to obtain much more comprehensive insight into 

the molecular biology of the OEG, both in its native environment in the primary olfac-

tory system as well as following transplantation. So far, a handful of studies have fo-

cused on single gene or protein expression changes in OEG and only two studies have 

used microarrays to get a more overall picture of the molecular make-up of OEG 

(Pastrana et al., 2006; Vincent et al., 2005). Our knowledge of the molecular differences 

and similarities between OEG and other glia cells, including SCs and ACs, is very in-

complete. Genome wide analysis of changes in gene expression of OEG following le-

sioning of the primary olfactory pathway, during culturing and after transplantation in 

SCI will most likely reveal unique combinations of secreted and cell-adhesion mole-

cules associated with specific phenotypic states of OEG.  

 Recent developments have enabled automated high-throughput functional studies 

on large sets of genes that display interesting changes in a microarray experiment. 

Analysis of changes in biological processes, including cell death, cell migration, cell 

clustering and neurite outgrowth-promoting properties of cells can all be measured in a 

96 well high-throughput format. The availability of genome wide RNAi libraries enables 

the knock-down of virtually every gene of interest. Thus, microarray analysis 

(“genomics”) can now be followed by “cellomics”, that is the high-throughput func-

tional analysis of large cohorts of genes potentially involved in processes important in 

neural repair. This powerful two-step approach will ultimately reveal unique molecular 

fingerprints of OEG, SCs and ACs that can be employed to create a glia cell with novel 

and improved regeneration-promoting properties.  
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Scope and outline of this thesis 
 
The overall aim of this thesis was to obtain more insight into the molecular mechanisms 

underlying the neuroregeneration-promoting properties of OEG. To achieve this we 

have undertaken a multistep target finding and functional validation approach as out-

lined in Fig. 4. Two microarray studies formed the basis of this thesis (step 1 in Fig. 4). 

These microarray studies documented (i) the temporal changes in gene expression in 

OEG following a lesion of the primary olfactory system, and examined (ii) transcrip-

tional differences between cultured OEG with OEG in the olfactory nerve layer and be-

tween cultured OEG and cultured SCs. The microarray data were subsequently sub-

jected to unsupervised cluster analysis, gene ontology analysis and a literature search 

was performed for a selected set of genes (step 2 in Fig. 4). This resulted in a selection 

of 178 target genes, of which we functionally validated 60 genes using medium-

throughput siRNA-mediated knockdown in miniaturized bioassays (steps 3, 4 and 5 in 

Fig. 4). The current multistep experimental strategy eventually resulted in the identifica-

tion of a number of new target molecules involved in neurite outgrowth in vitro (step 6 

in Fig. 4). Future studies will be directed towards functional studies on these targets in 

animal models for neural trauma. The sequential steps constituting the process of target 

discovery and functional validation serve as a guideline for this thesis and will be out-

lined below with regard to the individual chapters. 

 In Chapter 2, changes in gene expression in the ONL were analyzed with mi-

croarrays at different time points following lesioning of the olfactory epithelium. The 

rationale of this study was that the differential gene expression profile of OEG in the 

ONL during the time course of recovery will presumably reveal genes involved in the 

neuroregeneration-promoting properties of OEG in their natural environment. Cluster 

analysis showed that gene expression profiles were tightly co-regulated in time. Gene 

ontology overrepresentation analysis revealed that ‘immune response’ and ‘sterol bio-

synthetic processes’ were the main biological processes within these strongly coordi-

nated sets of genes. A pathway analysis of the genes revealed the coordinated expression 

of genes involved in complement system activation, phagocytosis of cellular debris and 

“waste management” (including genes involved in cholesterol metabolism and ly-

sosomal activity). This suggested that OEG are very well equipped to phagocytose and 

process axonal debris. During the early post-lesion period, axonal debris obstructs the 

pathway that olfactory axons follow towards the olfactory bulb and the efficient clear-

ance of this pathway may be required for the successful regeneration of primary olfac-

tory axons. Furthermore, a group of differentially expressed genes was identified that 

are associated with the extracellular matrix and cell adhesion. These genes are poten-

tially involved in the neurite-outgrowth supporting properties of OEG and functional 

studies on a number of these proteins are described in Chapter 5.  
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 As described in the previous sections of this introductory chapter, OEG trans-

plants have beneficial effects on the neural repair process. Chapter 3 describes the tran-

scriptome of OEG in culture at the moment they would normally be transplanted in the 

spinal cord. The transcriptome of cultured OEG was compared with that of cultured SCs 

and of OEG in the olfactory nerve layer. The aim of this study was to define intrinsic 

molecular differences between OEG and SCs and to identify genes expressed in OEG 

during culturing just before transplantation. In both comparisons, gene ontology over-

representation analysis revealed sets of genes involved in processes associated with tis-

sue repair. Cultured OEG express a characteristic set of molecules, distinct from cul-

tured SCs and nOEG that are involved in wound healing, angiogenesis, extracellular 

matrix formation and cellular adhesion. The capacity of OEG to influence important 

aspects of tissue repair may explain the beneficial effect of this glial cell following 

transplantation in the injured spinal cord. 

 In Chapter 4, the interaction behavior of OEG and SCs with meningeal cells, 

one of the main cellular constituents of the neural scar, was investigated. Whereas OEG 

intermingle with meningeal cells in cocultures, SCs aggregate into apparent cell clusters. 

These intrinsic differences in intercellular behavior in vitro are important for the inter-

pretation of the behavior of both cell types after implantation in the injured spinal cord. 

To investigate the role of differentially expressed genes between OEG and SCs in their 

different interaction properties with meningeal cells, the coculture assays were adapted 

to a miniaturized format to use them as a bioassay in the following chapter. 

 Chapter 5 describes the functional validation of a selected group of target genes, 

identified in the microarray experiments described in chapter 2 and 3. In addition to the 

bioassay described in chapter 4, an outgrowth bioassay was developed to screen target 

genes for a role in OEG-supported neurite outgrowth. Gene function was validated by 

siRNA-mediated knockdown of gene expression. From a first screen of 60 target genes, 

7 genes showed an effect in the outgrowth assay and 2 genes in the interaction assay. 

These genes are potential novel molecules involved in the neuroregeneration-promoting 

properties of OEG and SCs and form promising candidate genes for further investiga-

tion. 

 Chapter 6 contains a summary and general discussion of the preceding chapters. 

The medium-throughput screening approach employed in this thesis is discussed in the 

context of the current literature and directions for future research are provided. At the 

start of the research described in this thesis, OEG were mostly regarded as glial cells 

that support axonal regeneration of olfactory neurons and long-distance regeneration 

following transplantation in the spinal cord by providing a permissive cellular substrate. 

Our studies provide evidence that in their natural environment these cells respond to a 

lesion by (1) coordinated changes in expression of genes involved in molecular path-

ways critical for efficient phagocytosis, and (2) changes in expression in a unique set of 
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extracellular matrix and cell-adhesion molecules presumably involved in creating an 

environment favorable for axonal growth. Cultured OEG display a repertoire of mole-

cules that suggests that these cells display tissue repair characteristics that may be bene-

ficial for regenerative processes at spinal cord injury sites. Based on our data, we con-

clude that our view on OEG as cells with neuroregeneration-promoting capacities 

should be broadened. In addition to directly promoting axonal regeneration, OEG may 

contribute to processes more indirectly associated with neuroregeneration, such as 

phagocytosis and tissue repair. 
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Figure 4 Schematic representation of the 6 steps of the experimental strategy employed in 

the process of target discovery and validation in OEG. Transcriptional responses in OEG in 

their natural environment following a lesion to the olfactory epithelium and of cultured OEG 

isolated from the olfactory nerve layer were studied with microarrays (step 1). Target genes 

for functional validation were selected based on their gene expression profiles and their 

known function as documented in literature. In addition,  the gene expression profiles ob-

tained with microarrays were analyzed by unsupervised cluster analysis, gene ontology 

analysis, pathway analysis and by literature research (step 2). Our target discovery and vali-

dation approach was focused on two specific aspects of the neuroregeneration-promoting 

properties of OEG, i.e the neurite-outgrowth stimulating properties and the differential inter-

action behavior of cultured OEG and cultured SCs with meningeal cells. In order to identify 

genes involved in these two processes, two culture bioassays were developed in miniatur-

ized format to allow medium-throughput functional screening of the selected targets (step 

3). These assays include the outgrowth assay, consisting of dissociated DRG-neurons plated 

on a monolayer of OEG and the cluster assays, consisting of cocultures of either OEG or 

SCs with meningeal cells. To study the role of the target genes in ‘the stimulation of neurite 

outgrowth’ or ‘the interaction behavior with meningeal cells’, gene expression of each target 

gene was individually silenced by using siRNA SMART pools from Dharmacon (step 4). 

By using siRNA-mediated knockdown analysis and the Cellomics’ High Content Screening 

platform, medium-throughput functional analysis of 60 target genes was performed (step 5). 

In the outgrowth assay, knockdown of 7 target genes resulted in a decreased neurite out-

growth of DRG neurons. In the cluster assays, knockdown of 2 genes in SCs resulted in 

reduced cluster formation of SCs. Thus so far, 9 hits were identified in our target discovery 

and validation approach in OEG (step 6). 

The chapters of this thesis in which each step is described are indicated.    
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 Abstract 

Nerve regeneration is virtually impossible in the spinal cord after injury. The primary 

olfactory nervous system however, is able to regenerate after neuronal damage through-

out adult life. Newly formed olfactory axons grow out over long distances and achieve 

highly accurate targeting inside the central nervous system. Axonal outgrowth from new 

neurons in the olfactory epithelium is supported by olfactory ensheathing glia (OEG), 

which engulf outgrowing axons all along the olfactory nerve and are the predominant 

cell type in the olfactory nerve layer (ONL). The aim of this study was to reveal molecu-

lar mechanisms in the ONL involved in actively supporting axonal outgrowth. For this 

purpose, the olfactory epithelium was lesioned by intranasal infusion with 0.7% Triton 

X-100, which efficiently damaged 80-90% of the epithelium. Lesioned animals were 

sacrificed at 1, 3, 6, 10, 15, 20, 30 and 60 days post-lesion (dpl), the ONL was dissected 

and RNA was extracted, amplified and labeled for microarray hybridization.  

 819 Genes were differentially expressed by at least 1.4-fold (p<0.001) and most 

of them were differentially regulated in the first 2 weeks after the lesion. Time profile 

clustering demonstrated that the majority of genes was tightly co-regulated. Gene ontol-

ogy overrepresentation analysis demonstrated that the main biological process activated 

by the lesion was an immune response. The induction of phagocytosis of debris was 

indicated by the correlated upregulation of complement factors, Fc receptors, the Vav1-

Rac2-Wasp pathway and lysosomal enzymes. Local cholesterol recycling was indicated 

by the downregulation of 11 cholesterol biosynthesis enzymes and concomitant upregu-

lation of lipoprotein assembly, which may be beneficial to the growing axons. The im-

mediate immune response and local cholesterol recycling were very similar to Wallerian 

degenerative responses in Schwann cells (SCs) in the peripheral nerve after injury. 

 A number of cell adhesion and extracellular matrix-associated genes appeared to 

have an expression profile characterized by an immediate downregulation followed by a 

gradual upregulation of gene expression matching the timing of loss and regeneration of 

axons and suggested a functional role therein for these genes. Several cell adhesion and 

extracellular matrix-associated genes were previously linked to highly invasive, metas-

tatic forms of cancer. This suggested that similar to the biological mechanism used by 

tumor cells to make their environment permissive to cell invasion, OEG may create a 

permissive environment for axonal outgrowth by expressing a unique set of matrix-

modifying genes.  

 In conclusion, our data indicate that the most important events towards successful 

axonal ingrowth in the ONL were a quick and efficient removal of axonal debris, local 

recycling of cholesterol and the creation of a permissive extracellular matrix. 
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 Introduction 

Primary olfactory neurons originate in the olfactory epithelium which is situated in the 

most caudal part of the nose lying directly adjacent to the cribriform plate. The axons 

from these neurons leave the epithelium to enter the submucosa and penetrate the cribri-

form plate to reach the olfactory bulb in the central nervous system (CNS) (Mombaerts, 

1996). In the bulb the axons travel through the olfactory nerve layer (ONL) and are tar-

geted to the glomerular layer, where they make synaptic contacts with neurons from the 

internal part of the olfactory bulb (Brunjes and Frazier, 1986). Olfactory ensheathing 

glia (OEG) are in direct contact with olfactory axons and ensheath them immediately 

upon entry from the epithelium into the submucosa. OEG are the predominant cell type 

of the ONL in the olfactory bulb and the ONL is therefore, a tissue rich in OEG (Au and 

Roskams, 2002; Franceschini and Barnett, 1996; Gong and Shipley, 1996). 

 The olfactory neuroepithelium is constantly renewed throughout adult life and 

has therefore the capacity to recover from damage (Schwob, 2002). New olfactory neu-

rons arise from stem cells located in the basal cell layer of the epithelium. The primary 

olfactory nervous system has fostered a lot of research into the mechanism of neuro-

genesis and nerve regeneration. Neurogenesis across the whole epithelium is easily syn-

chronized by applying a toxin intranasally, which will destroy the neuroepithelium in-

stantly. As a consequence a massive regrowth of axons to the CNS takes place over the 

ensuing two to three weeks. The primary olfactory nervous system completely recovers 

within approximately two months. OEG contribute to this process of recovery by pro-

viding growth-support and guidance to the outgrowing axons. Their intimate contact 

with axons (Doucette, 1984; Graziadei and Monti Graziadei, 1980), the positive effect 

of OEG on neurite outgrowth from olfactory neurons (Chuah and Au, 1994; Kafitz and 

Greer, 1999; Ramon-Cueto et al., 1993) and a number of other types of neurons in vitro 

(Au et al., 2007; Chung et al., 2004; Leaver et al., 2006; van den Pol and Santarelli, 

2003) indicated a crucial role for OEG in the process of axonal outgrowth. 

 In contrast to the injury-induced turnover and vigorous regeneration of the pri-

mary olfactory nervous system, axonal outgrowth and repair of the injured spinal cord is 

virtually impossible. Therefore, OEG transplantation in the injured spinal cord was a 

rational approach to promote axonal outgrowth and repair of the spinal cord (reviewed 

by Franssen et al., 2007 (Chapter1); Raisman and Li, 2007; Richter and Roskams, 

2008). OEG transplants promoted axonal sprouting, enhanced tissue sparing, promoted 

angiogenesis and could myelinate new axons. Above all, OEG altered the organization 

of the neural scar by intermingling with astrocytes, which suggested an attenuation of 

the concurrent gliosis (Ramon-Cueto et al., 2000). Despite the huge differences between 

the spinal cord and the primary olfactory nervous system, OEG transplants partially rec-

reate the favorable environment for axonal outgrowth and repair in the injured spinal 
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 cord. However, functional recovery after spinal cord injury and OEG transplantation is 

far from complete and certainly not as efficient a recovery as in the damaged primary 

olfactory nervous system. Therefore, it is crucial to find the molecular mechanisms by 

which OEG support axonal outgrowth in their natural environment. 

 The earliest studies on the OEG in the regenerating olfactory nervous system 

tried to link OEG with possible growth-related molecules and addressed the expression 

of the low-affinity nerve growth factor receptor or p75 in the ONL (Gong et al., 1994; 

Turner and Perez-Polo, 1992, 1993, 1994). These studies showed that p75 expression 

was increased in the ONL after damage to the neuroepithelium by intranasal infusion of 

a toxin. Studies in vitro demonstrated that p75 expression was lost as soon as OEG and 

axons of olfactory neurons made contact (Ramon-Cueto et al., 1993).  Further research 

into possible growth-related mechanisms in OEG concerned neuregulin, a crucial 

growth factor for OEG in vitro (Pollock et al., 1999). However, after a lesion no changes 

in the expression of neuregulin or its receptors Erbb3 and Erbb4 were observed in the 

ONL (Perroteau et al., 1999; Williams et al., 2004a). Only Erbb2, which is expressed by 

OEG in the ONL (Salehi-Ashtiani and Farbman, 1996), showed an increase in gene ex-

pression after a lesion (Williams et al., 2004a). After a lesion of the neuroepithelium 

increased expression of GFAP in OEG, a common sign of reactive astrogliosis, was re-

ported (Schwob et al., 1999). Increased Apoe expression three days after a similar lesion 

in OEG implicated lipid metabolism to be involved in the recovery process (Nathan et 

al., 2001). The intimate relationship between axons and glia in the ONL instigated an 

early apprehension that extracellular matrix and cell adhesion molecules should be in-

volved in OEG-mediated axonal outgrowth (St John et al., 2002). Recent gene expres-

sion profiling studies of purified and cultured OEG put forward novel matrix-associated 

genes: matrix metalloproteinase-2 (Mmp2) and osteonectin (Sparc) (Au et al., 2007; 

Pastrana et al., 2006) and suggested that OEG express an array of proteins involved in 

tissue repair (Franssen et al., 2008 (Chapter3)). 

 More comprehensive studies using high-throughput gene expression profiling by 

microarray were mostly aimed at discovery of the molecular mechanism of neurogenesis 

and therefore, sampled the olfactory mucosa containing both epithelium and lamina pro-

pria (Genter et al., 2003; Getchell et al., 2005; Shetty et al., 2005). These studies have 

given more insight in the gene repertoire in the olfactory mucosa pertaining to apoptosis 

and neurogenesis. Other microarray studies focused on OEG in culture (Franssen et al., 

2008 (Chapter3); Pastrana et al., 2006; Vincent et al., 2005). These studies revealed 

which genes are more specifically expressed in OEG as opposed to Schwann cells (SCs) 

and astrocytes (Franssen et al., 2008 (Chapter 3); Vincent et al., 2005) or which genes 

may be more involved in axonal outgrowth in vitro (Pastrana et al., 2006) or which 

genes may be more involved in tissue repair after transplantation into spinal cord injury 

models (Franssen et al., 2008 (Chapter 3)). Despite these large-scale efforts, there is a 
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 lack of understanding of the dynamics of how OEG establish an outgrowth-supportive 

environment in vivo and how this knowledge can be applied to promote repair of the 

injured spinal cord. 

 The experiment described here presents the first comprehensive gene expression 

profiling study of OEG in vivo after a lesion of the olfactory epithelium. The approach 

was unique for several reasons. Firstly, a detailed sampling during the time course of 

recovery was undertaken and secondly, more than 14 thousand rat genes were interro-

gated by microarray. In contrast to earlier microarray studies of the primary olfactory 

nervous system the ONL – a tissue source rich in OEG – was sampled. A bilateral infu-

sion was used to damage the olfactory epithelium causing widespread p75 expression in 

OEG in the ONL and microglia recruitment in the first two weeks after the lesion. The 

microarray data showed that the majority of the differential gene expression occurred in 

the first three weeks after the lesion. Clustering based on a high correlation threshold 

demonstrated that more than 96% of the gene expression profiles were tightly co-

regulated in time. A detailed analysis of the differential gene expression repertoire will 

be presented investigating the most significant changes in gene expression as deter-

mined by gene ontology (GO), time-based clustering and GO-based filtration for genes 

associated with extracellular matrix and cell adhesion. 

 

 

Material and Methods 

Lesion of the olfactory epithelium and tissue preparation 

All surgical and animal care procedures were conducted in accordance with the guide-

lines of the local animal care committee. Inbred adult female Fisher (F344) rats of 170-

200 grams (Harlan, The Netherlands) were anaesthetized by isoflurane (Abbott Labora-

tories) inhalation for 3-5 min. The olfactory epithelium was lesioned by infusion of 50 

µl 0.7% Triton X-100 solution in phosphate buffer (pH 7.4) per nose hole. 

 In a pilot experiment the extent and effect of the lesion was first examined by 

applying a unilateral infusion. Animals were sacrificed at 3 days and at 10 days after the 

lesion (n=3 per time point). Three additional animals served as controls and were sacri-

ficed without lesioning. Animals were sacrificed by deep anaesthesia with sodium pen-

tobarbital (75 mg/kg body weight i.p.; Nembutal) followed by PFA-perfusion, i.e. tran-

scardial perfusion with 100 ml 0.9% NaCl followed by 300 ml ice-cold 4% paraformal-

dehyde (PFA) in PBS (pH 7.4). The epitheliobulbar complex, which included the olfac-

tory epithelium, the cribriform plate, the olfactory bulbs and approximately 0.5 cm of 

the forebrain, was removed as a whole and post-fixed overnight in 4% PFA at 4 oC. In 

consecutive overnight incubations at 4 oC, the tissue was cryoprotected by immersion in 

10% sucrose in PBS (pH 7.4) and subsequently in 25% sucrose in PBS (pH 7.4). Fi-
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 nally, the tissue was embedded in TissueTek (Sakura FineTek) and snap-frozen in dry 

ice. The tissue was then stored at –80 oC until cryostat sections were cut. 

 In a second experiment a bilateral infusion was given to study the effect of the 

lesion on gene expression in the ONL of the bulb. Animals were sacrificed at 1, 3, 6, 10, 

15, 20, 30 and 60 days after the lesion (n=5 per time point) by sedation with CO2 and 

subsequently decapitated. The olfactory bulbs were isolated and sliced with a McIlwain 

tissue chopper into 400 µm thick slices, from which the ONL was cut out manually un-

der a binocular. Isolated nerve layer pieces from one animal weighed typically 15-25 mg 

(wet weight) and were immediately frozen on dry ice and subsequently stored at –80 oC. 

 

Immunohistochemistry 

Immunohistochemistry was performed on cryostat sections (20 µm) from animals per-

fused with PFA as described above. The following primary antibodies were used: anti-

GAP-43 (#9527, 1:2,000, gift from P.N.E. De Graan, Utrecht University, Utrecht, The 

Netherlands), anti-OMP (1:2,000, gift from F.L. Margolis, University of Maryland, Bal-

timore, Maryland, USA), anti-p75 (1:50, MAB365, Chemicon) and anti-GFAP (Z-0334, 

1:2,000, DAKO). Sections were incubated overnight at 4 oC with primary antibodies. 

Subsequently, the sections were incubated at room temperature with secondary antibod-

ies (1:200) that were either fluorescently labeled or biotinylated for diaminobenzidine 

staining with the VectaStain ABC Elite kit (Vector Laboratories). Immunofluorescent 

stainings were visualized on a Zeiss confocal microscope. 

 

Determination of the effect of the lesion on the olfactory epithelium 

The effect of the lesion on the epithelium was analyzed by examining 20 µm thick trans-

versal cryostat sections of the olfactory epitheliobulbar complex from PFA-perfused 

animals. These sections were stained with haematoxylin-eosin (Merck), dehydrated and 

embedded in Entallan (Merck) or immunostained for GAP-43 or OMP. The length of 

lesioned olfactory epithelium was determined as follows. Normal olfactory epithelium 

was defined as GAP-43-positive epithelium in which the staining was located in a thin 

band of 1-2 cell bodies thick at approximately one fifth of the height of the epithelium. 

Damaged epithelium was defined as epithelium that contained GAP-43 staining at at 

least half the height of the epithelium, but not higher. Alternatively, GAP-43 staining 

could also be absent from the olfactory epithelium. Damaged epithelium was outlined in 

ImagePro (Media Cybernetics, USA) on large overview pictures of epithelium sections. 

The length of damaged epithelium expressed as a percentage of the total length of olfac-

tory epithelium per section was determined in triplicate sections at 6 to 7 evenly spaced 

transversal planes of the dorsoventral axis throughout the epitheliobulbar complex (n=3 

rats). The sections were derived from animals that were sacrificed at three days after the 

lesion. 
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Determination of the effect of the lesion on the ONL 

The effect of the lesion on the ONL was analyzed by examining 20 µm thick transversal 

cryostat sections of the olfactory epitheliobulbar complex from PFA-perfused animals, 

which were OMP-stained, p75-stained or ED1-stained. The area of the ONL was deter-

mined by outlining and determining the OMP-stained surface area in the olfactory bulb 

on either side of the midline between two bulbs in ImagePro (Media Cybernetics) on 

overview pictures of sections of the olfactory bulb. The sections were derived from ani-

mals which were sacrificed at 10 days after the lesion. The relative change in thickness 

of the ONL was expressed as the difference between the areas on either side divided by 

the sum of the areas. These changes were determined in triplicate sections at 6 to 7 

evenly spaced transversal planes of the dorsoventral axis throughout the epitheliobulbar 

complex (n=3 rats).    

 

Preparation of RNA for microarray 

RNA was isolated from frozen ONL pieces with the RNeasy minikit (Qiagen) according 

to the manufacturer's protocol. RNA quantity was determined on the Nanodrop ND-

1000 (Nanodrop Technologies).  On average, 1.5±0.5 µg of total RNA was isolated per 

rat. RNA quality was determined on the Agilent 2100 Bioanalyzer (Agilent Technolo-

gies). The RNA Integrity Number (RIN) was 9.0 ± 0.3, which is indicative of intact 

RNA. Subsequently, 250 ng pooled RNA (50 ng/rat/time point) was amplified and la-

beled with the Low Input Linear Amplification kit (Agilent Technologies) using CTP-

conjugated Cy3 or Cy5 (Amersham) according to the manufacturer's protocol.  

 

Hybridization of microarrays 

Labeled and amplified RNA was applied to microarrays, which contained 20,277 rat 

probes to 14,689 unique rat genes according to Unigene (G4130A, Agilent Technolo-

gies). Hybridization was performed according to Agilent's hybridization manual and the 

samples were applied according to the scheme in Fig. 1. The numbers represent the time 

points in days after the lesion with the exception of time point zero, which represents a 

non-lesioned animal. The lines in between the time points represent hybridizations with 

one Cy3 (green) and one Cy5 (red) dye-labeled sample. Every sample at each time point 

was a pool of amplified and labeled mRNA from 5 animals and this pool was measured 

in quadruplicate over 4 arrays with a balanced dye swap. Thus a total of 18 microarrays 

were used. Hybridizations were performed with the Agilent In Situ Hybridization Kit 

(G2559A, Agilent Technologies) according to the manufacturer's protocol. In short, 500 

ng of Cy3-labeled RNA and 500 ng of Cy5-labeled RNA were fragmented at 60 oC for 

30 min in 1x Fragmentation Buffer. The fragmented RNA was hybridized to microarray 

at 60 oC for 17 hours in 1x Hybridization Buffer. Microarrays were washed in 
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6xSSPE/0.005% N-Lauroylsarcosine (0810-4L, Amresco; L7414, Sigma-Aldrich) for 5 

min at room temperature and in 0.06xSSPE/0.005% N-Lauroylsarcosine for 1 min at 

room temperature. Ultimately, microarrays were washed in acetonitrile (27071-7, Sigma

-Aldrich) for 30 seconds and quickly dried with pressurized nitrogen gas. Scanning of 

the microarrays was done with an Agilent Microarray Scanner (G2505A, Agilent Tech-

nologies). The Feature Extraction Software from Agilent was used to extract signal in-

tensities and background data. 

 

Data processing 

Data were processed in R, an open-source statistical software package using the raw 

median intensities for every spot and its background. The modeling and analysis of the 

data was done with additional packages to R, such as marray and limma. Intra-array 

variation was corrected by LOESS normalization. A global scale normalization was per-

formed using the global median absolute deviation. Normalized data were modeled in 

limma according to the hybridization scheme and in which differential expression was 

defined as gene expression at each time point relative to day 0 (non-lesioned control). 

 

 

Figure 1 Design of the hybridization scheme. Microarray hybridizations were done according to 

this scheme. The numbers represent the time points after the lesion in days. Every line connects two 

time points of which the differently-labeled (Cy3 or Cy5) and amplified RNA samples were hybrid-

ized to one microarray. Eighteen microarrays in total were hybridized. The scheme was designed to 

provide the lowest variance possible on the time points 6, 10, 15 and 20 days after the lesion. 
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 Analysis of genes with differential expression 

Differential gene expression was defined as an absolute differential gene expression that 

was greater than 1.4 with a p-value smaller than 0.001. This resulted in static expression 

patterns in which each pattern consisted of significantly, differentially expressed genes 

at one time point. These static patterns of gene expression per time point were subjected 

to gene ontology analysis. On the other hand, dynamic patterns consisted of the expres-

sion profiles over time for every individual gene. These dynamic patterns were sub-

jected to a trend clustering in R, which was based on Pearson’s non-centered correlation. 

Initial clustering was done based on a correlation threshold of 90% on all gene expres-

sion profiles. Further clustering based on an 80% correlation threshold was done only on 

clusters with less than 10 members. This approach avoids contaminating 90%-correlated 

trends with lesser correlated gene expression profiles. Ultimately this resulted in 11 

trends containing 5 or more gene expression profiles. Subsequent gene ontology re-

search was undertaken with topGO using the default weight algorithm (Alexa et al., 

2006). The microarray probes were annotated with the most recent build of Unigene at 

the time of writing which was build #166. Furthermore, genes associated with extracel-

lular matrix and cell adhesion (matrix-associated) were filtered out with regular expres-

sions (Supplementary  table 1). These genes were then subjected to trend clustering at a 

correlation threshold of 70%. All literature searches on genes were done with PubMed 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed). Pathway analysis was 

done with GenMAPP (www.genmapp.org) and extensive literature searches. All path-

ways shown were made with GenMAPP. The classical complement pathway and the 

cholesterol biosynthetic pathway were taken directly from the GenMAPP library. The 

rest of the pathways were made with GenMAPP based on data-based literature searches. 

 

Validation of gene expression by qPCR 

The data from 60 microarray probes were verified by quantitative real-time PCR 

(qPCR). RNA was derived from the same RNA samples that had been used for the mi-

croarray study. Total RNA (1 µg) from individual rat samples were DnaseI-treated for 

15 min at room temperature and cDNA synthesis was performed for 1 h at 42 oC using 4 

µl 5x First Strand buffer (Invitrogen), 2 µl 0.1 M DTT, 1 µl RnaseOUT, 1 µl 10 mM 

dNTP mix and 1 µl Superscript II (Invitrogen). The resulting cDNA solution was diluted 

100 times and this dilution was used as a cDNA template for the actual qPCR reaction, 

which was performed with 1 µl cDNA template using 10 µl SYBR Green Master Mix 

(Qiagen) and 3 pmol primers in a final volume of 20 µl. Thermocycling was done in an 

Applied Biosystems 7300 real time PCR system using 40 cycles of 15 s denaturation at 

95 oC followed by 1 min of amplification at 60 oC. All qPCR primer pairs were designed 

with PrimerExpress and every qPCR reaction was assessed based on the dissociation 

curve, which demonstrated the presence of a single product. Data were normalized 
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 against the expression of glyceraldehyde-3-phosphate dehydrogenase (Gapdh), ubiquitin

-conjugating enzyme E2 (Ubc) and hypoxanthine-guanine phosphoribosyltransferase 

(Hprt) with GeNorm (Vandesompele et al., 2002). The primer sequences for the genes 

that were validated by qPCR and used for normalization are given in Supplementary 

table 2. 

 

 

Results 

Efficacy of the lesion paradigm: effect on the epithelium 

The efficacy of the lesion was assessed by examining the effect of a unilateral infusion 

of Triton X-100 at 3 and 10 days post-lesion (dpl) on the epithelium as well as the ONL. 

The effect of the lesion on the epithelium was clearly visible macroscopically after dis-

section of the olfactory epitheliobulbar complex, as defined in the Materials and Meth-

ods, at 3 days after the lesion. At this post-lesion time point large areas with a dark-red 

color on the lesioned side of the epithelium were suggestive of accumulation of blood in 

the turbinates. Normal olfactory epithelium was colored light-yellow and did not display 

any dark-red areas. Haematoxylin-eosin-stained cryostat sections of lesioned rats from 3 

dpl confirmed these observations and showed the widespread presence of exudate in the 

pharynges, which often appeared cellular by the nuclear staining throughout the exudate 

(Fig. 2A). Furthermore, the epithelium was very thin as compared to the untreated con-

tralateral side. Immunohistochemical staining for GAP-43 and OMP allowed for a more 

detailed examination of the neuroepithelium. At 3 dpl the number of GAP-43-positive 

neurons in the epithelium was greatly reduced (Fig. 2B). This number had increased 

dramatically at 10 dpl resulting in a thicker epithelium that was almost completely filled 

with GAP-43-positive neurons (Fig. 2B). In control animals OMP was located in the 

mature olfactory neurons of the epithelium, which at 3 dpl were virtually completely lost 

(Fig. 2C). OMP-positive neurons reappeared in the epithelium, but at 10 dpl the number 

of OMP-positive neurons was still much lower then in control intact epithelium (Fig. 

2C). Our data on GAP-43 and OMP protein expression in the olfactory epithelium were 

very similar to earlier data in the mouse after a similar Triton X-100 lesion (Verhaagen 

et al., 1990). 

 Quantitative analysis of the extent of the lesion at 3 dpl revealed that the epithe-

lium was damaged up to a consistent level of 90.4% ± 6.6% over the whole epithelium 

(Fig. 2D). Furthermore, the damage was not only found on the lesioned side, but also to 

a considerable extent on the contralateral side (47.5% ± 17.4%) (Fig. 2D). This demon-

strated that a unilateral infusion does not result in a lesion restricted to one side of the 

nose, but affects the contralateral side as well. 

 



GENE EXPRESSION PROFILING OF OEG IN VIVO 

57 

 

Figure 2 Effects of the Triton X-100 lesion on the olfactory epithelium. The lesion caused various 

effects. A. At 3 days after the lesion cellular exudate was found in the pharynges (asterisk, left 

panel) while the epithelium was much thinner (arrowhead) than normal epithelium (arrows, right 

panel). The dashed white lines delineate the basal lamina of the epithelium. The sections were 

haematoxylin-eosin stained. B. At 3 days after the lesion GAP-43-stained neurons were lost over 

long stretches of epithelium or non-continuous staining that was located very near the top of the 

epithelium (3 dpl). GAP-43-positive cells re-appeared in great numbers at 10 days after the lesion 

(10 dpl). C. OMP-stained mature neurons were virtually completely lost at 3 days after the lesion or 

showing limited numbers of cells (3 dpl), while at 10 days after the lesion OMP-stained neurons 

were still only found occasionally in the epithelium (10 dpl). D. The extent of the lesion is about 

90% in the ipsilateral side of the epithelium, while the non-irrigated contralateral side also contained 

about 50% lesioned epithelium. Epithelium in normal, non-lesioned animals was barely showing 

any damaged epithelium. *p<0.05 versus control and versus contralateral. Scalebars, 100 µm (A); 

50 µm (B,C: control and 10 dpl); 100 µm (B,C: 3dpl)    



CHAPTER 2 

58 

 



GENE EXPRESSION PROFILING OF OEG IN VIVO 

59 

 Efficacy of the lesion paradigm: effect on the ONL 

Further investigations into the efficacy of the lesion protocol focused on the effects of 

the lesion on the ONL in the bulb. No changes in thickness of the ONL were noted at 3 

dpl (as compared to the contralateral side). At 10 dpl, the thickness of the ONL appeared 

to have decreased as compared to the nerve layer on the contralateral side (Fig. 3A,B). 

Staining for p75 showed an increase in expression in the nerve layer with some in-

creased expression in the contralateral nerve layer (Fig. 3C). Staining for ED1, which 

recognizes a specific lysosome-associated, microglial antigen (Damoiseaux et al., 1994), 

showed the appearance of activated microglia 10 dpl in the ipsilateral ONL and virtually 

no activated microglia in the contralateral nerve layer (Fig. 3D). In summary, the effect 

on the ONL was also widespread rather than localized, which demonstrated that the 

nerve layer responded to the lesion in a uniform manner.  

 

Microarray experiment and data extraction 

From the previous experiment it was concluded that a unilateral lesion would result in 

considerable damage to the contralateral side of the epithelium and that the contralateral 

side could therefore not serve as a reliable control. Therefore we chose to perform a bi-

lateral infusion of Triton X-100 which would result in a widespread lesion that affects 

the whole olfactory epithelium and consequently has the highest probability of repro-

ducible changes in gene expression in the olfactory nerve layer. A larger lesion experi-

ment comprised 45 animals, from which 5 animals were sacrificed at 1, 3, 6, 10, 15, 20, 

30 and 60 dpl. The ONL of 5 unlesioned animals served as control. The RNA from the 

ONL was pooled to yield 9 pooled samples that were hybridized to microarrays accord-

ing to the scheme outlined in the Materials and Methods and provided as Fig. 1. Subse-

quent data extraction was based on significant (p<0.001) differential gene expression 

(≥1.4-fold) at at least one time point after the lesion as compared to unlesioned animals. 

This resulted in a list of 819 unique genes that were differentially expressed at at least 

< Figure 3 Effect of the Triton X-100 lesion on the olfactory nerve layer. The lesion caused a thin-

ning of the olfactory nerve layer at 10 days after the lesion. A. The olfactory nerve layer appeared 

thinner on the lesioned side (=lesion) in comparison with the contralateral side (=control). This was 

observed for all rats using OMP-stained sections at regular intervals through the dorsoventral axis. 

B. The effect was measured by dividing the difference between the lesioned and control side 

through the sum of both sides and showed a significant change in the difference (n=3). C. The olfac-

tory nerve layer from control animals is normally not expressing p75, with only the glomeruli ex-

pressing p75 (left panel). The lesion caused an increase in p75 expression in the OEG throughout 

the olfactory nerve layer on the lesioned side (asterisk), while the contralateral side was also stained 

considerably at 10 days after the lesion (right panel). D. The olfactory nerve layer contained higher 

numbers of activated microglia stained with ED1 antibody at 10 days after the lesion (lesion) as 

compared to the contralateral non-lesioned side (control). GL = glomerular layer, ONL = olfactory 

nerve layer, the dashed line indicates the boundary between the two layers. *p<0.05 versus control 

rats. Scalebars = 400 µm (A,C,D)  
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one of the 8 time points. Most of these genes appeared to change in expression in the 

first 2 weeks after the lesion (78.9%) and most of these genes were upregulated (70.1%) 

rather than downregulated (29.9%) (Fig. 4). 

 Microarray data of 60 probes that detected differential expression were validated 

by qPCR. The differential expression as measured by qPCR showed a linear correlation 

of 0.61 with the obtained microarray data and was overall 35% higher (Fig. 5). Thus, the 

qPCR data confirmed the differential gene expression as measured by microarray.  

 

OEG marker genes 

The ONL consists mainly of OEG and therefore, the expression profile of several OEG 

markers that are commonly used to detect OEG in the ONL immunohistochemically 

were investigated in detail: p75, GFAP, S100 and NPY (Au et al., 2002; Franceschini 

and Barnett, 1996; Ubink et al., 1994). Of these markers it is known that p75 and GFAP 

increased markedly in protein expression upon a lesion (Schwob et al., 1999; Turner and 

Perez-Polo, 1992, 1993, 1994). S100 protein expression was only modestly increased 

after a lesion of the epithelium (Schwob et al., 1999), but how NPY responds is not 

known. The microarray data for p75, GFAP, S100 and NPY showed that only GFAP 

responded to the lesion with an increased expression at 1 and 6 dpl (Fig. 6A). The differ-

Figure 4 Differential gene expression after the lesion. The number of differentially regulated genes 

during the time course after the lesion are shown. On the y-axis the number of genes is represented 

and on the x-axis the time in days post-lesion. The dotted line indicates the number of upregulated 

genes and the dashed line indicates the number of downregulated genes, while the solid line indi-

cates all genes. 
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ential gene expression of GFAP was confirmed by qPCR and immunohistochemistry 

(Fig. 6B and 6D). Further validation of the microarray data for S100 and NPY by immu-

nohistochemistry showed that neither NPY nor S100 changed in protein expression after 

the lesion (data not shown). The microarray data for p75 were not in line with the immu-

nohistochemical data, which demonstrated that p75 expression at the protein level in-

creased in the ONL (Fig. 3C). In contrast to the microarray data, validation of p75 

mRNA expression by qPCR detected an increased expression at 6 to 10 dpl (Fig. 6C). 

This difference was caused by the different probes that were used for the detection by 

microarray and by qPCR. The qPCR primers used to detect p75 expression were recog-

nizing the last exon of the p75 gene (Supplementary table 2). The stop codon for p75 is 

1600 nucleotides upstream from where the microarray probe recognizes the p75 mRNA 

sequence, which is only 156 nucleotides away from the 3’-end of the mRNA. The qPCR 

detected the expression of an exon, which will be more reliable than the expression of a 

non-coding region in the mRNA so close to the 3’-end. Therefore, it was concluded that 

p75 gene expression was indeed upregulated after the lesion and corroborating the im-

munohistochemical data. 

  

Olfactory neuron-specific genes 

The axons from the olfactory neurons, which are ensheathed by OEG, form another ma-

Figure 5 Validation of microarray data by qPCR. A group of 60 microarray probes that detected 

differential expression were validated by qPCR. The scatter plot shows the relationship between 

qPCR and microarray data per time point after the lesion per gene, i.e. 8 data points per gene. The 

linear regression of the data points was: y = 1.35 x – 0.19 (R2 = 0.61). 
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jor component of the ONL. In principle one would not expect to find many genes ex-

pressed in the axonal part of a neuron, but it is not uncommon to find mRNA in axons, 

especially in the context of axonal guidance (Lin and Holt, 2007; Twiss and van Min-

nen, 2006). Moreover, it is well known, that olfactory axons can harbor a number of 

mRNAs that encode proteins, which are important for proper axonal routing to their 

glomerular targets (Ressler et al., 1994; Vassar et al., 1994; Wensley et al., 1995). This 

provided an advantage, since the expression of these genes may allow the determination 

of loss and ingrowth of axons in the ONL. Several olfactory neuron-specific genes were 

differentially expressed after the lesion: olfactory marker protein (OMP), Ebf1 (or Olf-

Figure 6 OEG marker gene expression. A. Gene expression profiles of GFAP (blue line), S100 

(orange line), p75 (purple line) and NPY (black line) after the lesion. B. Gene expression of GFAP 

as determined by microarray (blue line) was confirmed by qPCR (black line). C. The gene expres-

sion of p75 as determined by microarray (purple line) was not confirmed by qPCR (black line). The 

qPCR data, however, did confirm the increase in p75 expression as determined by immunohisto-

chemistry (Fig. 3). The layout of the graphs was as follows: The post-lesion time in days is plotted 

against the differential expression as M = 2log(αi), in which αi stands for the differential expression 

as compared to t=0 and index i indicates the day after the lesion. The green and red dashed lines 

indicate the threshold for differential expression as defined in the Materials and Methods. D. Gene 

expression of GFAP was also confirmed by immunohistochemistry. OEG in the olfactory nerve 

layer of the lesioned side (lesion) expressed a lot more GFAP than OEG in the olfactory nerve layer 

of the contralateral side (control). GL = glomerular layer, ONL = olfactory nerve layer, the dashed 

white line indicates the boundary between the two layers. Scalebar = 100 µm. 
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 1), Obp-1f and Ryf3. The expression of OMP is highly restricted to mature olfactory 

neurons across vertebrates (Margolis et al., 1993) and Ebf1/Olf-1 is a transcription fac-

tor that drives the expression of OMP (Kudrycki et al., 1993; Wensley et al., 1995). 

Both OMP and Ebf1/Olf-1 had very similar expression profiles (Fig. 7A). The expres-

sion decreased acutely after the lesion and gradually returned to default levels in the 

second week after the lesion. The genes Obp1f (Pevsner et al., 1988) and Ryf3 (Dear et 

al., 1991) on the other hand, encode olfactory receptors and exhibited an increased ex-

pression when OMP expression was returning to default levels in the ONL (Fig. 7B). An 

ingrowth of new primary olfactory axons was indicated by the recovery of OMP mRNA 

expression to default levels and an increased expression of receptors that are crucial for 

axonal targeting, such as Obp-1f and Ryf3, over the second and third week after the le-

sion. This time course of loss of axons and ingrowth of axons correlated well with ear-

lier findings by others (Cummings et al., 2000; Schwob et al., 1999). 

 

Gene ontology analysis of differentially expressed genes per time point  

The genes comprising the final data set had been extracted from the microarray data by 

their significant relative expression (≥1.4-fold, p<0.001) at a specific time point after the 

lesion to control animals. This created static expression patterns consisting of signifi-

cantly differentially expressed genes at one time point. The next step was to use gene 

ontology (GO) to discover the main biological processes, cellular components and mo-

lecular functions that were overrepresented at each time point. 

 The main biological process after the lesion was “immune response” at 1 dpl 

(n=39, p=4.4E-09), 6 dpl (n=39, p=5.7E-12) and 10 dpl (n=23, p=2.7E-05) 

(Supplementary table 3). Most additional overrepresented GO classes were associated 

with an immune response (Supplementary table 3). For example, a more specific GO 

class was “complement activation” at 1 dpl (n=7, p=5.4E-05), 3 dpl (n=6, p=7.3E-08), 6 

Figure 7 Olfactory neuron-specific gene expression. A. Gene expression profiles of OMP (black) 

and Ebf/Olf-1 (grey). B. Gene expression profiles of Obf-1f (grey) and Ryf3 (black). The layout of 

the graphs is identical to the graphs in Fig. 6A,B,C. 
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dpl (n=7, p=2.4E-06) and 10 dpl (n=6, p=6.7E-06). All genes within this class (C1qb, 

C1qg, C1r, C1s, C3, C4a, Cfd and Serping1) were upregulated after the lesion and most 

were part of the classical complement pathway (Fig. 8). Upregulation of the classical 

complement pathway may indicate the opsonization and removal of axonal debris. How-

ever, Serping1, a C1 inhibitor, was upregulated 1.7 to 2.1-fold from 1 to 10 dpl during 

which period C1qb, C1qc and C1s were also upregulated. Cfd or adipsin, a complement 

factor of the alternative pathway, was upregulated in the second week after the lesion, 

but after an initial downregulation right after the lesion at 1 dpl. Cfh, a negative regula-

tor of the alternative pathway, was upregulated 1.4-fold at 3 dpl (p=0.0075), 6 dpl 

(p=0.0039) and 10 dpl (p=0.0038). Both complement pathways culminate in the activa-

Figure 8 Differential expression of genes from the classical and alternative complement pathway. 

Complement factors of the classical and alternative pathway that were differentially expressed are 

shown. The complement pathway is divided in the classical and the alternative pathway. The classi-

cal pathway begins with the formation of the C1 complex and consecutive activation of C4, C2 and 

C3. The alternative pathway begins inside the box indicated by “alternative pathway”. The remain-

der of the complement pathway involves the formation of the membrane attack complex by factors 

C5 to C9, indicated by “terminal pathway”. The gene boxes are horizontally divided into 8 segments 

representing the time points after the lesion (see box insert indicated by “legend”). Grey gene boxes 

indicate that the gene was addressed by the microarray and white gene boxes that the gene was not. 

Stained segments indicate up- (red) and down-regulated (green) gene expression at specific time 

points. Dots above or underneath a segment indicates significance of the differential expression. The 

classical pathway was taken as it was drawn by N. Salomonis and M. Ramirez 

(“Rn_Complement_Activation_Classical”) for GenMAPP (www.genmapp.org). The alternative 

pathway was based on the pathway drawn by K. McGraw and G. Croston and provided by BioCarta 

(www.biocarta.com).  
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 tion of the terminal pathway or the membrane attack complex comprising factors C5 to 

C9, but these genes showed no signs of upregulation. In addition, Clu, an inhibitor of the 

membrane attack complex was upregulated 1.5-fold (p=6.5E-07), 1.7-fold (p=8.2E-08) 

and 1.3-fold (p=2.5E-05) at, respectively, 6, 10 and 15 dpl.  During the regeneration of 

the system, there would be an obvious need for the clearance of axonal debris. Removal 

of axonal debris would be part of an immune response and would be mediated through 

phagocytosis. Phagocytosis-related GO classes were significantly overrepresented at 6 

dpl, which contained complement factor C3 and various Fc gamma receptors: Fcgr1, 

Fcgr2b, Fcgr3 and Fcgr3a. The intracellular signaling of phagocytosis (Fig. 9) can be 

activated by Fc gamma receptors of which Fcgr1, Fcgr2b, Fcgr3 and Fcgr3a were all 

significantly upregulated at 1 to 10 dpl by more than 2-fold at 6 dpl. Intracellular signal-

ing is mediated by guanine nucleotide exchange factors like Vav1, which was upregu-

lated at 3, 6 and 10 dpl and Rac2, which was upregulated at 1, 3, 6 and 10 dpl (Hall et 

Figure 9 Differential expression of genes from the Vav-Rac pathway. Phagocytosis-related genes 

that were connected according to literature (Hornstein et al, 2003; Thrasher, 2002; Bokoch & Zhao, 

2006) are shown. The figure shows the genes of the Vav-Rac pathway leading to phagocytosis and 

degradation by reactive oxygen species (ROS) in one pathway. The legend of the figure is the same 

as for Fig. 8. 
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al., 2006; Patel et al., 2002). Rac2 is known to switch on the production of reactive oxy-

gen species directly by activating NADPH oxidase (Bokoch and Zhao, 2006). Further 

downstream signaling molecules Wasp and Arp2/3 complex were represented in the 

data by the rat Wasp homologue and Arp2/3 complex subunit 1b with significant 

upregulated expression at 6 and 10 dpl. Arp2/3 complex mediates changes in the cy-

toskeleton towards phagocytosis (Thrasher, 2002).  

 The GO class “sterol biosynthetic process” (n=7 to 11, p=1.9E-10 to 1.9E-08) 

together with “isoprenoid biosynthetic process” (n=3 to 6, p=5.3E-05 to 1.3E-03) was 

also overrepresented from 1 to 3 dpl. These two classes are much related. The latter GO 

class contains 5 genes that are also part of the first GO class (Fdft1, Fdps, Hmgcr, Idi1, 

Mvd). Most of the genes in these classes are part of the cholesterol biosynthetic pathway 

and were downregulated (Fig. 10). Cholesterol biosynthesis is closely linked with lipo-

Figure 10 Differential expression of genes from the cholesterol biosynthetic pathway and lipopro-

tein metabolism. Genes present in the overrepresented GO class “sterol biosynthetic process” were 

all part of the cholesterol biosynthesis pathway and downregulated as shown. Further exploration of 

the data set for genes involved in lipoprotein assembly and metabolism showed a concomitant 

upregulation. This suggested that there was a highly increased uptake of cholesterol by the OEG 

presumably by phagocytosis of degenerating axons, which leads to a decreased cholesterol biosyn-

thesis in OEG and an increased efflux. According to this hypothesis, cholesterol is transported out of 

the cell where it is incorporated in lipoproteins and taken up by regenerating olfactory axons, which 

are not able to synthesize cholesterol themselves. The legend of the figure is the same as for Fig. 8. 

The cholesterol biosynthetic pathway was taken as it was drawn by M. Lieberman and N. Mantei for 

GenMAPP (“Rn_Cholesterol_Biosynthesis”). The lipoprotein assembly and metabolism was based 

on literature (Vance et al, 2005; Karten et al, 2006; Ravichandran & Lorenz, 2007). 
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 protein assembly and metabolism. The biosynthesis of cholesterol in the CNS occurs 

endogenously, because the blood-brain barrier does not allow the passage of lipoproteins 

from the bloodstream into the brain. Cholesterol is synthesized by glia and transported 

out of the cell where it is incorporated in lipoproteins and taken up by nearby axons, 

which are not able to synthesize cholesterol themselves. Further investigation of the data 

set for genes involved in lipoprotein metabolism showed the differential expression of 

Abcg1, a cholesterol efflux transporter, Apobec1, an apolipoprotein B-editing complex 

and Lpl, a lipoprotein lipase that releases cholesterol from the lipoprotein. These genes 

were all significantly upregulated during the downregulation of the cholesterol biosyn-

thesis after the lesion: Abcg1 2.1 to 3.0-fold from 1 to 10 dpl, Apobec1 1.8 to 2.4-fold 

from 3 to 10 dpl and Lpl 1.4 to 1.5-fold from 6 to 10 dpl (Fig. 10). 

 The main cellular components that were overrepresented were “extracellular re-

gion” at 1 dpl (n=72, p=1.2E-04) and 6 dpl (n=58, p=1.8E-03) and “extracellular space” 

at 6 dpl (n=50, p=5.7E-07), 10 dpl (n=33, p=9.40E-05) and 15 dpl (n=15, p=4.29E-03). 

These GO classes were clearly related to each other with “extracellular space” being 

part of “extracellular region” and therefore, the more specific of the two. Most of the 

genes (60-70%) in “extracellular space” were also found in the overrepresented biologi-

cal processes, which were virtually all involved in immune response-related processes. 

The cellular component “lysosome” was overrepresented from 3 to 10 dpl (n=5 to 8, 

p=1.7E-04 to 2.4E-03), which was in line with the upregulated phagocytosis-related 

genes during this period (Fig. 9). 

 Overrepresented GO classes of the branch “molecular function” were overall 

quite small with n=3 to n=6 significant members. The biggest GO class linked to mo-

lecular function was “transcription factor activity” at the last time point of the time 

course (60 dpl) and contained 14 genes (p=8.1E-04) out of the 507 that were probed by 

the microarray. All genes within this class were downregulated at 60 dpl. 

 Very few overrepresented growth/differentiation-associated GO classes were 

found: “DNA replication initiation” (1 dpl, n=3), “synaptogenesis” (1 dpl, n=4), “cell 

activation” (6 dpl, n=19) and “negative regulation of cell proliferation”, which was over-

represented at 6 dpl (n=12), 10 dpl (n=7) and 15 dpl (n=5).  The last GO class contained 

two genes that were found at all three time points: Gpnmb and Rarres1. Gpnmb is one of 

the most highly upregulated genes in our data set with a 7.0-fold upregulation at 6 dpl. 

The gene is in fact significantly upregulated from 1 to 15 dpl. Gpnmb is also known as 

osteoactivin and was originally discovered in osteoblasts (Safadi et al., 2001). It is in-

volved in the differentiation of these cells, but more recently it was crucially linked to 

the metastatic potential of gliomas by acting as a cell adhesion molecule (Kuan et al., 

2006; Rich et al., 2003). Rarres1, or retinoic acid receptor responder-1, was also linked 

to cancers as a putative tumor suppressor gene. It was suggested to act as a cell adhesion 

molecule and to reduce metastatic potential of tumors through maintaining intercellular 
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contacts (Jing et al., 2002). 

 An intriguing overrepresented GO class was “synaptogenesis” with the following 

genes at 1 dpl: Nrxn1, Nrxn3, Snap25 and Spock2_predicted. Neurexins are cell adhe-

sion molecules that interact with neuroligins to create and maintain intercellular contacts 

to build synapses (Dean and Dresbach, 2006). The neuroligins that could be detected by 

the microarray were neuroligin 1 to 3, but none were showing signs of differential ex-

pression. Spock2 stands for: “Sparc/osteonectin, cwcv and kazal-like domains pro-

teoglycan 2”. This gene was not only increased in expression at 1 dpl (1.5-fold, 

p=0.000179), but also at 15 dpl (1.3-fold, p=0.00133). Sparc/osteonectin was recently 

found to indirectly stimulate neurite outgrowth (Au et al., 2007). Snap25 was originally 

always seen as a synaptic protein involved in vesicle trafficking and release in neurons. 

However, in recent years it has been shown to be expressed by astrocytes as well 

(Maienschein et al., 1999; Wilhelm et al., 2004). Snap25 may have in this respect a role 

in the vesicular trafficking and release in glia. 

 Neuron-related GO classes were mainly found at 1 dpl: “neuron projec-

tion” (n=18, p=3.20E-05), “synaptogenesis (n=4, p=8.72E-03) and 

“neurofilament” (n=3, p=4.10E-04). These genes may not be that specific for neurons as 

one goes through this list of genes. For example, neurofilament genes Nef3, Nefl and 

Nefh are well-known components of the neuronal cytoskeleton, but Nef3 and Nefl 

mRNA were earlier shown to be transiently expressed by SCs that had lost axonal con-

tact (Fabrizi et al., 1997; Sotelo-Silveira et al., 2000) and Nefh was found to be ex-

pressed by OEG in culture (Pixley, 1996). 

Figure 11 Filtration of data set. The data set of 819 expression profiles was filtered as described in 

the text. From the data set 333 gene expression profiles were filtered out (left panel) and the remain-

ing 486 profiles (right panel) were further clustered by trend clustering. The layout of the graphs is 

identical to the ones in Fig. 6A,B,C. 
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Co-regulation of lesion-induced gene expression  

The previous GO analysis revealed the main processes and components that participated 

in, what appeared to be, an orchestrated response to remove axonal debris to provide 

space for new axonal growth. The following clustering aimed for further discovery of 

strongly coordinated responses. The clusters obtained were now dynamic expression 

patterns of genes that had a strongly correlated differential expression over time. 

 For this purpose the data were subjected to a filtration that was based on what is 

known about the process of renewed axonal growth in the ONL. It is known that the 

ONL starts receiving novel axons at the end of the first and the beginning of the second 

week after the lesion (6 to 10 dpl) and has recovered 6 to 7 weeks after the lesion. From 

this it was assumed that genes that were differentially regulated at exclusively 1 or 60 

dpl were not likely to be involved in axonal outgrowth. There were 333 genes that 

showed this profile and were left out of further clustering (Fig.. 11A). The remaining 

486 genes of the 819 (Fig. 11B), that is 59% of the original set of regulated genes, were 

subjected to a trend clustering, which was based on a very tight correlation of at least 

90%.  This resulted in a set of clusters, designated trends. The results showed that 420 

of the 486 genes, i.e. 86%, clustered into 5 trends (Fig. 12). The remaining 66 genes 

clustered into trends that contained very small numbers of genes due to the high correla-

tion threshold. To see whether their expression profiles would yield more specific trends 

these genes were subjected to a further trend clustering based on a correlation of at least 

80%. This resulted in a clustering of 48 genes into 6 trends (Fig. 12). In summary, 468 

of the 486 expression profiles were clustered, which was more than 96%. The trends in 

Fig. 12 therefore, illustrate the main temporal changes in expression after lesioning of 

the ONL. These results indicated that the changes in gene expression in the ONL after a 

lesion of the olfactory epithelium were tightly coordinated. 

 

GO analysis of trend clusters 

The 90%-correlated trends (trend-1 to 5) which contained relatively high numbers of 

genes were subjected directly to GO analysis (Supplementary table 4). The 80%-

correlated trends (trend-6 to 11) contained a small number of genes and therefore, the 

gene lists of these trends were inspected gene-by-gene (Supplementary table 4). 

 The GO class “immune response” was the main biological process in trend-1 

(n=26, p=8.0E-06) and in trend-5 (n=10, p=2.2E-08). Virtually all other overrepresented 

GO classes found in trend-1 were also related to an immune response. Trend-1 and trend

-5 showed similar profiles based on a biphasic, upregulated expression at 1 and 6 dpl. 

The main difference between the two trends was that the upregulated expression was 

much higher at 1 dpl than at 6 dpl in trend-5. Going through the immune response-

related genes in more detail revealed, that Il1b, was among these genes, as well as sev-
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Figure 12 Clustering of co-regulated genes. The trend clustering was initially based on a very tight 

correlation of at least 90%. This resulted in the 5 biggest clusters (panels 1-5). The rest of the clus-

ters (n=43) containing mostly one gene, were subjected to a second round of trend clustering based 

on a slightly lower correlation threshold of 80%. The clusters with at least 5 members are shown in 

panels 6-11. The layout of the graphs was identical to the ones in Fig. 6A,B,C. The expression pro-

file in red in each cluster represents the median of the cluster. 
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 eral chemokines: Ccl3, Ccl12, Cx3cl1, Cxcl10, Cxcl13 and Cxcl16. Most of the comple-

ment factors of the classical pathway, which were previously seen to be upregulated, 

were also found in trend-1: C1qb, C1qg, C1s, C3 and C4a. Trend-2 was characterized by 

a prolonged decrease over the first three weeks after the lesion, which appeared to stabi-

lise around the threshold value for significant differential expression. This trend had no 

overrepresented GO classes. More careful examination of the gene annotation list of 

trend-2, however, revealed a considerable number of genes associated with transcrip-

tional regulation, for example: Ccpg1-predicted, Cdkn1b, Cenpj-predicted, Dbp, 

Dnmt3a, E2f7-predicted, Hoxc5-predicted, LOC691504 (“similar to Zinc finger protein 

ZFPM1”), Nfx1, Notch3, Per2, Tpr. The only biological processes overrepresented in 

trend-3 were “sterol biosynthetic process” (n=11, p=6.1E-21) and “isoprenoid biosyn-

thetic process” (n=6, p=1.3E-08). The presence of all cholesterol biosynthetic enzymes 

in this one cluster confirms their strong co-regulation as shown above (Fig. 10). Trend-4 

was characterized by a subacute response with an increased expression between 3 and 

10 dpl.  The main GO class overrepresented was “lysosome” (n=4, p=1.2E-04), which 

harbored a number of lysosomal enzymes: Acp5, Ctsc, Ctsb, Laptm5. The upregulation 

of lysosomal content was consistent with the need for removal of axonal debris in the 

subacute phase after the lesion. 

 Trend-6 to trend-11 were explored by their individual gene members. These clus-

ters were relatively small and therefore, most trends contained genes with a plethora of 

functions. However, there seemed to be at least one pattern discernible. Trend-6 and 

trend-8 contained fairly related expression profiles: an acute downregulation of expres-

sion, followed by an upregulation over the second to third week after the lesion. Both 

trends also contained a remarkable proportion of cell adhesion/extracellular matrix-

associated genes based on their annotations and associated literature: 6 of the 14 genes 

in trend-6 (43%) and 3 of the 7 genes in trend-8 (43%). These genes included: Clu, 

Msln, NCAM1, Pcolce, RGD1565950_predicted (similar to ADAM2 with Thbs1-type 

motif), Sus3d_predicted, Thbs2, Timp2 and Tnc. Their immediate downregulated ex-

pression after the lesion may relate to the loss of olfactory axons and their upregulated 

expression to the ingrowth or targeting of new axons in the ONL. 

 In summary, the trend analysis indicated that strongly co-regulated genes were 

associated with an immune response, sterol biosynthetic processes and possibly cell ad-

hesion or extracellular matrix-associated processes. 

 

Functional gene analysis by hypothesis-driven filtration 

Our trend clustering suggested that matrix-associated changes were to a significant ex-

tent characterized by a profile, which was defined by an initial sharp decline followed 

immediately by an upregulated expression. This characteristic loss and gain of expres-

sion closely matches a scenario dictated by the initial loss of axon contact followed by 
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an immediate reversal of the OEG to a state before axonal contact and ultimately the 

initial axonal contact bringing the OEG in the ONL back to its default state. Further-

more, cell adhesion and the extracellular matrix have been considered to play a major 

role during development and regeneration of the primary olfactory nervous system (St 

John et al., 2002). Therefore, the data set was queried based on their GO terms by regu-

lar expressions with the aim to extract all genes that were associated with extracellular 

matrix/cell adhesion (matrix-associated) according to the GO consortium 

(Supplementary table 1). The whole set of 819 differentially expressed genes was que-

ried, yielding 41 matrix-associated genes (Supplementary table 5) of which the gene 

expression profiles were subjected to trend clustering (Fig. 13). A closer look at the ma-

Figure 13 Matrix-associated genes. Genes that were associated with the extracellular matrix and 

cell adhesion based on their associated GO terms were filtered from the data set as described in the 

Materials and Methods. The expression profiles of these genes were then subjected to trend cluster-

ing. The obtained clusters are shown in the above. The layout of the graphs is identical to the ones in 

Fig. 12. 
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 trix-associated genes revealed that they were mostly directly involved in cell adhesion, 

regulation of the cytoskeletal structure or growth/differentiation (Supplementary table 

5). 

 Our question was now how many matrix-associated genes indeed had a profile 

matching trend-6 and trend-8 as earlier observed to contain a relevant number of matrix-

associated genes. The clusters M2, M5 and M8 resembled the trend clusters 6 and 8 

from the overall clustering the most. There were 7 genes with an expression profile that 

was characterized by a sharp decline in expression at 1 dpl followed by an immediate 

steep increase in expression at 10 dpl as in clusters M2 and M8, which resembled trend-

6. Trend-8 was resembled by cluster M5, which contained 3 genes with an expression 

profile that was characterized by a sharp decline in expression at 1 dpl followed by an 

immediate steep increase in expression, which more gradually reached a maximum at 20 

to 30 dpl. Thus, while trend-6 and trend-8 comprised 21 of the 819 genes, 10 of the 41 

matrix-associated genes matched trend-6 and 8 (Fisher’s exact test: p = 7.55E-09). 

 Of these 10 genes 9 were directly related to the extracellular matrix or cell adhe-

sion: Col27a1, Itga8, Lox1-like, Msln, Pcolce, Tnc, Thbs2, Timp2 and 

RGD1565950_predicted (similar to ADAM2 with Thbs1-type motif) and one that was 

not so obviously related to the extracellular matrix or cell adhesion: Igfbp2. Further in-

vestigation of our data set showed that quite a number of Igf-associated molecules were 

differentially regulated: Igf1, Igfbp2, Igfbp3 and Igfbp6. Their expression profiles were 

Figure 14 Insulin-like growth factor-related genes. Gene expression profiles of Igf1 (black solid 

line), Igfbp2 (grey solid line), Igfbp3 (dashed line) and Igfbp6 (dotted line) are shown. The layout of 

the graph is identical to the ones in Fig. 6 A,B,C. 
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 quite different from each other (Fig. 14). Recent papers have demonstrated that Igf1 is a 

crucial factor for the attraction and guidance of olfactory axons during development 

(Scolnick et al., 2008) and that Igf-binding proteins may exert their activity only upon 

binding to the extracellular matrix (Jones et al., 1993; Martin and Jambazov, 2006; 

Russo et al., 1997). 

 A number of the matrix-associated genes were strongly and functionally corre-

lated with invasive, metastatic forms of cancers: Loxl1, Msln, Tnc, Igfbp2, Gpnmb, 

Spock2 and Spp1. When tumor cells become metastatic or invasive they will initially 

modify their local environment, i.e. the extracellular matrix, so that they can escape the 

tumor and their original tissue and subsequently translocate into a new environment and 

tissue. Both actions: matrix modification and recognition of new tissue, implicate the 

creation of a permissive environment for detachment, invasion and recognition, which 

are all preluded by a dedifferentiation of the invasive tumor cell. Translated to the ONL, 

this would be paralleled by the OEG losing axonal contact (detachment), dedifferentiat-

ing into a p75-expressing pro-ensheathing phenotype (dedifferentiation), removal of 

debris and subsequent remodeling of the extracellular matrix to permit renewed axonal 

ingrowth (invasion, recognition). 

 

 

Discussion 

The aim of this study was to investigate the molecular mechanisms deployed by OEG in 

the ONL after a lesion of the olfactory neuroepithelium to create a supportive environ-

ment for axonal outgrowth and guidance. The microarray analysis showed that most of 

the genes that were differentially expressed in the ONL were found in the first 2 weeks 

after the lesion. Trend clustering demonstrated that the vast majority of the gene expres-

sion profiles were tightly correlated. Gene ontology analysis indicated that a biphasic 

immune response was mounted in the first 2 weeks after the lesion. The data indicated 

that the removal of axonal debris was effected by opsonin-dependent phagocytosis via 

the Vav-Rac-Wasp pathway and processing in the lysosomal compartment. At the same 

time the cholesterol biosynthetic pathway was virtually completely downregulated and 

this was accompanied by an increased cholesterol efflux. Cell adhesion and extracellular 

matrix-associated genes appeared to be overrepresented in particular trends character-

ized by a sharp decline in expression at 1 dpl followed by an immediate steep increase in 

expression, which more gradually reached a maximum at 10 to 20 dpl. Specific extrac-

tion of cell adhesion and extracellular matrix-associated genes from the differentially 

expressed gene set revealed that a significant proportion of this functional gene category 

displayed this expression profile. Furthermore, many genes that were associated with the 

extracellular matrix were genes previously linked to highly invasive and metastatic 
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 forms of cancer. This suggested that the outgrowth-supportive property of olfactory en-

sheathing glia may be due to the secretion of matrix-modulating molecules.  

 

Marker gene expression for OEG and olfactory axons 

The analysis of the expression of OEG marker genes (p75, S100, GFAP, NPY) showed 

that their differential expression was in good agreement with previous findings. The 

increase in expression of p75 and GFAP was in line with other reports that used a 

chemical lesion of the epithelium (Gong et al., 1994; Schwob et al., 1999; Turner and 

Perez-Polo, 1992, 1993, 1994; Williams et al., 2004b) or transection of the olfactory 

nerve (Barber and Dahl, 1987). The lack of differential expression after the lesion of 

S100 was also reported following a lesion of the epithelium by intransal infusion of zinc 

sulfate (Williams et al., 2004b). The immunhistochemical localization of NPY in a lim-

ited number of cells in the inner layer of the ONL, adjacent to the glomerular layer, was 

also similar to previous findings (Au et al., 2002; Ubink et al., 2003). The expression of 

NPY after a lesion of the olfactory epithelium was never reported before to our knowl-

edge. We are therefore, the first to describe the gene expression of NPY in the inner 

layer of the ONL after a lesion of the olfactory epithelium. 

 Analysis of olfactory neuron-specific genes, especially OMP, provided corrobo-

rating evidence of degeneration of olfactory axons and ingrowth of new axons. This was 

based on the fact that specific mRNAs are present in olfactory axons, including mRNAs 

for OMP (Wensley et al., 1995) and a number of olfactory receptors (Ressler et al., 

1994; Vassar et al., 1994). These axonal mRNAs were downregulated and the timing of 

the differential OMP gene expression in the ONL was virtually identical with earlier 

reports on the gene and protein expression after a lesion of the olfactory epithelium 

(Nadi et al., 1981; Vassar et al., 1994; Wensley et al., 1995). OMP is a highly specific 

marker for the mature olfactory neuron, i.e. the last stage of differentiation of an olfac-

tory neuron (Margolis, 1993) and therefore, the rise in OMP mRNA expression between 

10 and 20 dpl implied that maturation of olfactory neurons in the epithelium started in 

this period. This meant that the first immature olfactory axons arrived in the ONL before 

10 dpl. A growth-permissive environment should thus be provided for in the ONL in at 

least the second and third week after the lesion in our opinion. 

 

Immune response induced by axonal debris 

GO analysis of the gene expression patterns at single post-lesion time points revealed 

that the main lesion-induced biological process was an immune response after the lesion 

at 1, 3, 6 and 10 dpl. Characteristic for many genes involved in the immune response 

was a biphasic, upregulated gene expression at 1 and 6 dpl. The acutely elicited immune 

response was likely linked to the axonal degeneration in the ONL, because olfactory 

neurons die after a lesion of the olfactory epithelium and the sensory axons completely 
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 degenerate within 1 to 2 weeks (Nadi et al., 1981; Verhaagen et al., 1990; Williams et 

al., 2004b). 

 Axonal debris in the ONL invoked the need for removal by phagocytosis. Phago-

cytosis-related GO classes were significantly overrepresented at 6 dpl, which contained 

complement factor C3, but also various Fc gamma receptors: Fcgr1, Fcgr2b, Fcgr3 and 

Fcgr3a. The upregulation of these genes indicated an opsonin-dependent mechanism of 

phagocytosis in which axonal debris is opsonized by C3 or antibodies. Phagosome for-

mation is subsequently initiated by binding of opsonized debris to either the C3-receptor 

or Fc-receptors. 

 The intracellular signaling pathway of Fc receptor- or C3-mediated phagocytosis 

is known to involve the activation of Rho/Rac family GTPases, which in turn are driven 

by guanine nucleotide exchange factors like Vav (Hall et al., 2006; Patel et al., 2002). 

Our data set harbored several signaling molecules of this phagocytosis pathway which 

were all upregulated: Vav1, Rac2, Wasp and a subunit of the Arp2/3 complex, Arpc1b. 

Vav1 is a guanine nucleotide exchange factor for the Rho/Rac family of GTPases 

(reviewed in Hornstein et al., 2004). These GTPases are by themselves common regula-

tors of the structure of the cytoskeleton, but may also be involved in the generation of 

reactive oxygen species in phagocytosing cells (reviewed in Bokoch and Zhao, 2006). 

Rac2 would in this scenario act as an activator of phagocyte NADPH oxidase for the 

generation of reactive oxygen species, while the Arp2/3 complex relays signaling to the 

actin cytoskeleton (Thrasher, 2002). As a result of this signaling the cytoskeleton is rear-

ranged to enable phagosome formation and ingestion of debris, which will ultimately be 

processed in the lysosomal compartment. Indeed, the expression of several lysomal en-

zymes was increased at 3 and 10 dpl. 

 In addition to a role in phagocytosis it was demonstrated recently that Wasp was 

crucial for process extension in oligodendrocytes and SCs in vitro (Bacon et al., 2007). 

Process extension was postulated to be the precursor to axon ensheathment. It is possible 

that in the first week after the lesion Wasp signaling is involved in phagocytosis. During 

the later post-lesion period Wasp may be involved in the initial stages of the ensheath-

ment of axons by OEG. 

 

Recycling of local cholesterol by phagocytosis 

The overall trend clustering demonstrated that virtually all enzymes of the cholesterol 

biosynthetic pathway were downregulated and strongly co-regulated. Genes involved in 

lipoprotein metabolism were concomitantly upregulated. The biosynthesis of cholesterol 

in the CNS occurs endogenously, because the blood-brain barrier does not allow the 

passage of lipoproteins from the bloodstream into the brain (reviewed in Dietschy and 

Turley, 2001; Vance et al., 2005). Cholesterol is synthesized by glial cells and extracel-

lularly incorporated in lipoproteins and taken up by nearby axons, which are not able to 
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 synthesize cholesterol themselves. The biosynthesis and efflux of cholesterol are logisti-

cally linked and it was therefore remarkable, that its biosynthesis was largely decreased, 

while the efflux was increased as suggested by the upregulation of the cholesterol efflux 

transporter Abcg1. It is likely that phagocytosing cells rapidly accumulated large 

amounts of cholesterol derived from degenerating axons, because it is generally ac-

cepted that phagocytosis increases cholesterol tremendously inside the cell 

(Ravichandran and Lorenz, 2007). A highly increased uptake of cholesterol apparently 

resulted in the downregulation of genes encoding enzymes involved in cholesterol syn-

thesis. 

 Lipoproteins also stimulate axonal growth and synaptogenesis (Karten et al., 

2006; Vance et al., 2005). Interestingly, the timing of the recovery of cholesterol biosyn-

thesis between 10 and 20 dpl coincided with the return of OMP mRNA levels to default 

levels. Furthermore, the upregulated gene expression of lipoprotein metabolic genes 

preceded this, which means a concomitant increase in protein expression at the time of 

new axon ingrowth in the ONL at 6 to 10 dpl. It is anticipated that the demand for cho-

lesterol would be highest at the time of arrival of new axons in the ONL. 

 Summarizing all these data we propose that a recycling of cholesterol is taking 

place in the ONL as illustrated in Fig. 10. Cholesterol derived from axonal debris is 

phagocytosed in such large quantities that endogenous cholesterol biosynthesis is shut 

down. Excess cholesterol is immediately shuttled out of the cell via Abcg1 upon which 

cholesterol will be incorporated in lipoproteins. Cholesterol is then liberated and made 

available to ingrowing axons between 6 and 10 dpl by Lpl, a lipoprotein lipase. 

 

Axonal degeneration-accompanying responses in the ONL resembled Wallerian degen-

eration  

It remains to be established whether the immune response-associated genes in our data 

set were expressed by OEG or activated microglia in the ONL. However, previous mi-

croarray studies have demonstrated the expression of a number of immune response 

genes to be expressed by OEG in culture (Franssen et al., 2008 (Chapter 3); Vincent et 

al., 2005). OEG can indeed be phagocytic and ingest axonal material (Chuah et al., 

1995; Lankford et al., 2008; Wewetzer et al., 2005) and OEG may resemble SCs in this 

respect. SCs in the peripheral nerve support axonal regeneration (reviewed in Sulaiman 

et al., 2005). After peripheral nerve injury the nerve distal to the lesion is lost, while the 

proximal part undergoes traumatic degeneration: a process called Wallerian degenera-

tion (Fu and Gordon, 1997). 

 During Wallerian degeneration SCs play a crucial role in the initial degradation 

and phagocytosis of axonal debris right after nerve injury. In a later phase, by 3 days 

after peripheral nerve injury (Boyles et al., 1989; Perry et al., 1987; Reichert et al., 

1994), macrophages are recruited to the site of injury and are also responsible for the 
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 removal of debris. It is possible that the biphasic response in the ONL was the reflection 

of a similar response. The initial, acute phase at 1 dpl was due to the direct activation of 

immune response genes in the OEG as a consequence of rapid degeneration of axons, 

while the later, or subacute, phase at 6 dpl was due to the activation of microglia in the 

ONL. Observations in the regenerating olfactory system lend support to this hypothesis. 

Normal ONL contains very few ED1-positive microglia, but they do start to appear in 

great numbers after 1 dpl (Chang et al., 2003; Williams et al., 2004b). In a later experi-

ment using the same lesion paradigm we stained olfactory bulbs from animals sacrificed 

with exactly the same time frame with ED1 antibody and observed that reactive cells 

only started to appear at 3 dpl with most reactive cells being observed at 6 dpl. There-

fore, the biphasic response we observed in the ONL was similar to the response in the 

peripheral nerve after injury. Furthermore, these different studies demonstrated that the 

upregulated expression of immune response genes at 1 dpl were more likely to have 

occurred in OEG rather than reactive microglia/macrophages which only appeared after 

1 dpl. 

 It is known that SCs also produce several cytokines among which Il1b enhances 

phagocytosis after peripheral nerve injury. Our data also showed a biphasic response in 

the upregulation of Il1b, which may have been caused by the initial acute response by 

OEG followed by the subacute activation of microglia. In addition, upon denervation, 

SCs differentiate to a pre-myelination stage before they ensheathed and myelinated ax-

ons and SCs also show renewed expression of p75 identical to the OEG in our current 

study (Jessen and Mirsky, 2002; You et al., 1997). This p75-linked phenotype is re-

garded as growth-supportive, not only for SCs, but also for OEG (Kumar et al., 2005; 

Ramon-Cueto et al., 1993). 

 In addition to cytokines, we also found the upregulated expression of neurofila-

ment genes Nef3, Nefl and Nefh, which are well-known components of the neuronal 

cytoskeleton. It was demonstrated previously that Nef3 and Nefl mRNA were tran-

siently expressed by SCs during Wallerian degeneration (Fabrizi et al., 1997; Sotelo-

Silveira et al., 2000) while Nefh could be expressed by OEG in culture (Pixley, 1996). It 

is not clear why SCs or OEG would transiently express neurofilament, but these data 

add further support to the striking similarity between Wallerian degeneration and olfac-

tory nerve degeneration. 

 Recycling of local cholesterol was also observed in the peripheral nerve after 

injury. It was demonstrated that SCs not only started to accumulate lipid droplets right 

after the lesion, but also that local cholesterol was being re-utilized by the peripheral 

nerve undergoing consecutive degeneration and regeneration (Boyles et al., 1989; Raw-

lins et al., 1972). In addition to this, cholesterol appears to be derived from local produc-

tion exclusively in the peripheral nerve and not from the circulation (Jurevics et al., 

1998). As shown here in the ONL, cholesterol biosynthesis was also downregulated in 
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 the first two weeks after the lesion in peripheral nerves (Goodrum, 1990). The differ-

ence with that much earlier study was that only the activity of the key enzyme of the 

cholesterol biosynthetic pathway, 3-hydroxy-3-methylglutaryl-CoA reductase or Hmgcr, 

was measured, while in this study it was possible to detect the gene expression of virtu-

ally all enzymes of the cholesterol biosynthetic pathway. Furthermore, by global gene 

expression profiling we were able to connect the cholesterol biosynthesis directly with 

phagocytosis and lipoprotein metabolism, which was strongly indicative of cholesterol 

recycling. 

 We hypothesize that OEG in the ONL during axonal degeneration and SCs in the 

peripheral nerve during Wallerian degeneration follow a similar sequence of events. 

Dedifferentiation of the OEG, cholesterol recycling through phagocytic processing of 

cholesterol from axonal debris, the expression of an identical set of genes and the re-

cruitment of macrophages/microglia were the events that were similar, if not identical, 

to the ones participating in Wallerian degeneration. 

 

Differences with Wallerian degeneration 

However, there were some important differences between Wallerian degeneration in the 

peripheral nerve and the degenerating olfactory nerve. The main difference was the 

prominent lack of an upregulation of the membrane attack complex components C5 to 

C9, also known as the terminal complement pathway. The membrane attack complex is 

believed to be crucial for the rapid removal of axons during Wallerian degeneration of 

the peripheral nerve after injury (Ramaglia et al., 2007). In our study, complement in-

hibitors of all three branches of the complement system were upregulated: Serping1 for 

the classical, Cfh for the alternative and Clu for the terminal pathway (Fig. 8). 

 The upregulation of the first components of the classical or alternative comple-

ment pathway combined with the upregulation of negative regulators of the complement 

pathways have been proposed to play a role in fatty acid homeostasis in the peripheral 

nerve (Chrast et al., 2004). In this scenario, Cpb or carboxypeptidase B processes factor 

C3 to produce acylation stimulating protein, which is a potent stimulator of triglyceride 

synthesis (Cianflone, 2003). Cpb was not differentially expressed after the lesion, but 

adipsin or complement factor D, which is a serine protease involved in the processing of 

C3 towards acylation stimulating protein (reviewed in Cianflone, 1997) was upregulated 

at 6, 10 and 15 dpl, but downregulated at 1 dpl. Adipsin was also found to be expressed 

in the sciatic nerve (Cook et al., 1987). The initial downregulation of Cfd may suggest a 

C3 conversion by Cfd that is specifically required in the second week after the lesion, 

i.e. the period in which massive ingrowth of axons occurs in the ONL. Regarding the 

timing of the differential expression of complement factors the following scenario may 

apply. The immediate need for debris removal in the first week will require opsonization 

by C3 and antibodies to initiate phagocytosis of axonal debris. The increased demand 
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 for cholesterol and fatty acids in later phases after the lesion for axonal growth may lead 

to activation of the acylation stimulating protein-adipsin pathway in the second week 

after the lesion. As a matter of fact, one will lead to the other, because the uptake of 

large amounts of membrane as a result of phagocytosis will increase the demand for 

lipid storage inside the cell, i.e. the demand for triglyceride synthesis. Further excess of 

lipid would be incorporated into lipoproteins extracellularly, which were assembled at 

higher rates after the lesion according to the above (Fig. 10). 

 There is another important difference. The primary olfactory nerve is not a myeli-

nated nerve such as for example the sciatic nerve in the periphery. The olfactory nerve is 

ensheathed by the OEG and is likely coated by some cell adhesive protein structure, 

maybe reminiscent of myelin. Myelin itself is a prominent inhibitor of nerve regenera-

tion in the periphery and it is therefore crucial that it is efficiently removed upon nerve 

injury. The olfactory nerve may regenerate much more efficiently, because of the lack of 

large quantities of growth-inhibitory myelin. It is therefore possible that the membrane 

attack complex, even though so crucial to the efficient regeneration of the peripheral 

nerve, is not crucial for the efficient regeneration of the olfactory nerve, because this 

nerve lacks myelin. In addition, the absence of myelin and the need for a different kind 

of nerve ensheathment may put other demands on fatty acid homeostasis. The different 

kind of ensheathment is very much illustrated by how OEG and SCs wrap themselves 

around axons. The SC wraps its thick and dense myelin sheath around only one nerve 

between the distinct nodes of Ranvier. The OEG cell however, engulfs several hundred 

fasciculated axons at the same time with rather thin cell extensions.  

 

Cell adhesion and extracellular matrix-associated genes 

The importance of molecules mediating cell-cell or cell-matrix interactions in the devel-

opment and regeneration of the primary olfactory nervous system has been widely ac-

cepted (reviewed in Henion and Schwarting, 2007; St John et al., 2002). However, most 

of the guidance factors were described for the growing axon, including axon guidance 

mediated by the olfactory receptors (Strotmann and Breer, 2006). A number of cell ad-

hesion molecules were shown to be expressed by the OEG, but their involvement in 

axon guidance in vivo is not always clear. We therefore queried the data set for genes 

associated with the extracellular matrix or cell adhesion to obtain an overview of the 

matrix-associated genes that were differentially expressed after the lesion. 

 Some of the matrix-associated genes could be directly related to the olfactory 

nervous system. NCAM1 for example, was found to be expressed by OEG in the olfac-

tory system by several groups (reviewed in St John et al., 2002). NCAM1 is known to 

be expressed throughout the olfactory system during development and in the adult and 

may be involved in axon guidance. 

 NP-1 is the receptor for Sema3A and known to be expressed after transection of 
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 the olfactory nerve (Pasterkamp et al., 1998). In the regenerating olfactory system, it 

was proposed that Sema3A from non-neuronal cells helps to confine ingrowing NP-1-

positive olfactory axons to the olfactory nerve and glomerular layers. Our microarray 

data showed that Sema3A was also increased at 10 dpl, but was just not meeting our 

selection criteria (1.3-fold, p= 0.00542). In the proposed mechanism of axon guidance, 

NP-1 is expressed by the neuron and Sema3A by the OEG. The detection of NP-1 

mRNA by microarray and qPCR suggested, that NP-1 mRNA was detected in olfactory 

axons analogous to the detection of mRNAs for olfactory receptors and OMP. Alterna-

tively, NP-1 mRNA may have been expressed by OEG, but so far, there have not been 

any indications for this in in vivo studies (Pasterkamp et al., 1998). 

 Carbohydrate side chains of glycans can be bound by galectins of which lgals3 

was detected in our study. Lgals3 was earlier found to be expressed by OEG along nerve 

fascicles in the submucosa and in the ONL (Heilmann et al., 2000; Storan et al., 2004). 

Initially, Lgals3 was isolated and identified in macrophages and activated microglia 

(Pesheva et al., 1998b; Woo et al., 1990). SCs in the injured peripheral nerve also ex-

pressed Lgals3, which mediated phagocytosis (Reichert et al., 1994). The early onset of 

expression in the ONL was in favor of Lgals3 being involved in phagocytosis of axonal 

debris. Alternatively, in vitro data demonstrated that Lgals3 was a good substrate to ad-

here and grow on for neurons and neural cell lines, including a Schwann cell line 

(Pesheva et al., 1998a). In addition, Lgals3 provided support for neurite outgrowth from 

dorsal root ganglion neurons and to a lesser extent from cerebellar neurons (Pesheva et 

al., 1998a). This support is mediated by the crosslinking of carbohydrate ligands on cells 

to various cell adhesion molecules in the extracellular matrix (Camby et al., 2006; 

Dumic et al., 2006; Hughes, 2001; Mahanthappa et al., 1994). It was proposed that 

galectins may provide a molecular mechanism for axonal sorting and fasciculation. It is 

therefore possible that in addition to phagocytosis, Lgals3 expressed in a later phase 

after the lesion is involved in fasciculation and axon-matrix/axon-glia adhesion. 

 

Matrix-associated genes correlating with the loss and recovery of axons 

Quite a number of the matrix-associated genes displayed a gene expression profile char-

acterized by an acute downregulation followed immediately by a gradual upregulation 

peaking at 10 to 30 dpl, which we here designate as a down-up profile. These genes 

were: Col27a1, Itga8, Lox1-like, Msln, Pcolce, Tnc, Thbs2, Timp2 and 

RGD1565950_predicted (similar to ADAM2 with Thbs1-type motif) and Igfbp2 

(clusters M2, M5 and M8 in Fig. 13; Supplementary table 5). Many of these genes have 

not been described before in the olfactory system. 

 Collagen is the main structural component of the extracellular matrix. Col27a1, 

together with the closely related Col24a1, forms a new class within the vertebrate fibril-

lar collagen family (Boot-Handford et al., 2003; Koch et al., 2003; Pace et al., 2003). 
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 Both collagens are involved in the formation of cartilage and bone. Pcolce enhances the 

processing of procollagen into the highly structured collagen fibrils and may be ex-

pressed by glia (Steiglitz et al., 2006; Takahara et al., 1994). Regarding their expression 

profiles, it is possible that remodeling of this new type of collagen is part of the regen-

eration process in the ONL after the lesion. Loxl1 may also be involved in this remodel-

ing, because it is an enzyme crucial for the formation and repair of the extracellular ma-

trix by crosslinking collagen and elastin fibers (reviewed in Lucero and Kagan, 2006). 

 Thbs2 is a member of the thrombospondin family, which is mainly known from 

their participation in bone growth (Bornstein et al., 2004). Recently, it was proposed that 

Thbs2 may be expressed by astroglia and could have a role in synaptogenesis in the 

CNS (Christopherson et al., 2005). Even though Thbs2 was expressed in a late phase 

after the lesion, at 20 dpl, the lack of synapses in the ONL proper voted against a role 

for Thbs2 in synaptogenesis in the ONL. As to its temporal expression, Thbs2 is com-

monly associated with late phases of wound healing after an injury (Bornstein et al., 

2004). Wound healing consists of three overlapping phases that include an initial in-

flammation as a response to the injury followed by a proliferative phase, in which spe-

cific cell populations may be expanded, and a final phase in which the extracellular ma-

trix is being remodeled. From earlier studies it is known that a proliferative phase may 

very well be absent in the ONL after a lesion (Williams et al., 2004a). The inflammatory 

phase was however, quite prominently displayed by the highly significant overrepresen-

tation of immune response-associated GO classes right after the lesion (see above). The 

characteristic down-up profile of several matrix-associated genes therefore, suggested 

the presence of a matrix remodeling phase. It is not entirely clear how Thbs2 modifies 

the extracellular matrix, but it is known that Thbs2 is extensively associated with the 

matrix in the remodeling phase. Nestled in the matrix it is properly situated to modulate 

the activity of matrix metalloproteinases (Bornstein et al., 2004). Thbs2-null mice dis-

played major abnormalities in collagen fibril formation which was proposed to be due to 

the absence of Thbs2-mediated regulation of metalloproteinase activity (Bornstein et al., 

2004). In addition to the previously mentioned collagen-associated genes Loxl1, 

Col27a1 and Pcolce, Thbs2 may therefore be involved in the remodeling of the collagen 

matrix. 

 Tnc is a member of the tenascin family of extracellular matrix glycoproteins  and 

can mediate neuron-glia interactions through its cell adhesive property (Joester and 

Faissner, 2001). Glia in the CNS after injury as well as SCs in the distal stumps of le-

sioned peripheral nerves strongly express Tnc (Deckner et al., 2000; Martini et al., 1990; 

Zhang et al., 1995). Tnc is also expressed during development of the olfactory nervous 

system (Deckner et al., 2000; Gong and Shipley, 1996) and known to persist in the adult 

olfactory system (Gonzalez and Silver, 1994). 

 Several Igf-related molecules were differentially expressed after the lesion. Igf1 
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 is a crucial factor for the guidance of olfactory axons during development (Scolnick et 

al., 2008) and Igf-binding proteins may exert their activity only upon binding to the ex-

tracellular matrix (Jones et al., 1993; Martin and Jambazov, 2006; Russo et al., 1997). 

Igf1 may be involved in the regeneration of olfactory axons and its activity modulated 

by Igfbp2 in the extracellular matrix. 

 RGD1565950_predicted (similar to ADAM2 with Thbs1-type motif) or 

ADAMTS2 is a member of a large family of ADAM-related metalloendopeptidases 

(reviewed in Porter et al., 2005). In contrast to ADAM proteinases, which are transmem-

brane enzymes, the ADAMTS proteinases are secreted molecules, of which some can 

bind to the extracellular matrix. Their substrates are found in the extracellular matrix, 

such as for example collagen and glycans. Metalloproteinases are involved in remodel-

ing of the extracellular matrix in various conditions ranging from developmental, repara-

tive, homeostatic and metastatic processes (Hu et al., 2007). One of the inhibitors of 

ADAMTS proteinases, Timp2 was also found among the matrix-associated genes with a 

down-up profile. Timp2 was earlier found expressed by OEG (Pastrana et al., 2006; 

Vincent et al., 2005) and also in the olfactory epithelium with an almost identical ex-

pression profile (Tsukatani et al., 2003). 

 Msln is a cell surface glycoprotein normally expressed by mesothelium lining the 

pleura, pericardium and peritoneum (reviewed in Hassan and Ho, 2008). Msln is a po-

tential target for cancer therapy due to its limited distribution in the body and increased 

expression in invasive cancers. Its function was associated with cell adhesion, because 

Msln was shown to bind specifically to mucins thereby possibly mediating invasiveness 

of tumor cells (Chang and Pastan, 1996; Rump et al., 2004). 

 Itga8 belongs to the family of ubiquitously expressed integrins (Hynes, 2002). 

Itga8 is crucial for normal kidney development and also important in fibrotic reponses to 

injury in various organs (Ekwa-Ekoka et al., 2004). Integrins always function in the 

form of heterodimers with a beta subunit (Hynes, 2002). Itga8 forms a functional het-

erodimer with Itgb1 and is known as the fibronectin receptor. As such it was shown to 

bind matrix-associated proteins such as fibronectin, vitronectin and tenascin, but also to 

promote cell attachment and neurite outgrowth (Muller et al., 1995; Schnapp et al., 

1995; Varnum-Finney et al., 1995). Itga8 may therefore be associated with the previ-

ously mentioned Tnc and could be involved in cell adhesion during axonal outgrowth. 

 In summary, the matrix-associated genes with the typical down-up profile which 

may coincide with the loss and recovery of axons after the lesion appear as a group of 

genes that may modify the extracellular matrix by regulating enzymatic modulation, 

such as Pcolce, Loxl1, ADAMTS2, Thbs2 or Timp2, or by providing different structural 

components, such as Col27a1 or different cell adhesion molecules, such as Itga8, 

Igfbp2, Mlsn, Tnc, Thbs2. 
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 Genes associated with tumor invasiveness 

Many of the matrix-associated genes had earlier been associated with increased inva-

siveness or metastatic potential of tumors. When tumor cells become invasive they need 

to make their surroundings, i.e. the extracellular matrix permissive to their migratory or 

trespassing behavior. Tumor cells are capable of remodeling their extracellular matrix 

through the synthesis of extracellular matrix components, modifiers thereof and ex-

tracellular matrix-binding proteins (Bellail et al., 2004). The following matrix-associated 

genes were functionally implicated in tumor invasiveness or their metastatic capacity. 

 Loxl1 was directly associated with the invasiveness of malignant tumor cells, 

because it significantly correlated with increased tumor malignancy and increased inva-

siveness of cancer cells was prevented by treatment of the cells with Loxl1 antagonist, 

Loxl1 antisense oligonucleotides, Loxl1 antibody or shRNA expression (Lucero and 

Kagan, 2006). Loxl1 may be creating a permissive environment for tumor invasion by 

enzymatic modification of the crosslinking of collagen and elastin in the extracellular 

matrix. 

 Tnc can be found in many metastatic tumors, is commonly found increased in 

high grade gliomas and tenascin expression has been associated with the invasive and 

metastatic potential of malignant tumors (Orend and Chiquet-Ehrismann, 2006; Sarkar 

et al., 2006; Zamecnik, 2005). Similar to cell-cell interactions between neuron and glia, 

Tnc is believed to be involved in the cell-cell or cell-matrix interactions between tumor 

cells and with their surrounding matrix. 

 Igfbp2 was reported in glioblastoma multiforme which is the most aggressive and 

invasive form of glial cancer (Fukushima and Kataoka, 2007). Tumor invasiveness may 

be correlated with cell adhesion to integrins by Igfbp2, which was shown to increase cell 

motility (Wang et al., 2003). Igfbp2 may induce the expression of invasion-enhancing 

genes and one of them may be Mmp2 (Wang et al., 2003). Interestingly, Mmp2 was 

reported as a metalloproteinase secreted by OEG that could remodel the extracellular 

matrix in support of axonal outgrowth in vitro (Pastrana et al., 2006). However, Mmp2 

was not differentially expressed in our data set. Interestingly, the upregulated expression 

of Igfbp2 we found with a concomitant downregulation of Igfbp3 expression, is com-

monly found in cancers. This may lend further support to the hypothesis that Igfbps 

acted similarly in the ONL to how they influence the tumor invasiveness. 

 Our data set contained more matrix-associated genes involved in the invasiveness 

of tumor cells. The highest upregulated expression by far was detected for Gpnmb: 1.8 

to 7.0-fold from 1 to 15 dpl. This gene is also known as osteoactivin and was originally 

discovered in osteoblasts (Safadi et al., 2001). It is involved in the differentiation of 

these cells, but more recently it was crucially linked to the metastatic potential of glio-

mas (Kuan et al., 2006; Rich et al., 2003). It was proposed that bone matrix proteins 

such as osteoactivin and osteonectin, as single factors may be crucial switches in glio-
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 mas to turn them into aggressive, invasive brain tumors. Osteoactivin/Gpnmb acts as an 

adhesion molecule mediating cell-cell and/or cell-matrix interaction to effect this switch 

(Kuan et al., 2006; Shikano et al., 2001). 

 Osteonectin itself, or sometimes called Sparc, was not found in our data set, but 

one matrix-associated gene was called Spock2-predicted: “Sparc/osteonectin, cwcv and 

kazal-like domains proteoglycan 2”. This gene was increased in expression at 1 dpl and 

15 dpl. Sparc/osteonectin was recently found to indirectly stimulate neurite outgrowth 

(Au et al., 2007). Members of the Sparc/osteonectin family are regulators of matrix met-

alloproteinases and Spock2, which is also called testican-2, was recently shown to in-

hibit neurite outgrowth in vitro (Schnepp et al., 2005). 

 Another matrix-associated gene with a strong link to metastasis of cancers was 

Spp1, or osteopontin. This molecule is a secreted sialoprotein, which was originally dis-

covered in malignant epithelial cells (Senger et al., 1979). Osteopontin was demon-

strated to mediate the molecular mechanisms crucial to metastatic spread and matrix 

remodeling among others (Wai and Kuo, 2008). Increased levels of osteopontin trig-

gered metastatic behavior in poorly metastatic or non-metastatic tumor cells. In addition, 

osteopontin knockout mice showed slower tumor growth and reduced metastasis of 

transformed cells. Further confirmation and similar data were obtained with antisense 

inhibition of osteopontin gene expression. Its name implies expression in cartilage and 

bone, but osteopontin is in fact expressed in a wide range of cell types and also in micro-

glia/macrophages and astrocytes after a lesion in the nervous system (reviewed in Selva-

raju et al., 2004). Its biphasic pattern of expression in our data resembled that of many 

immune response genes. One of the possible functions of osteopontin after a lesion 

might be as an opsonin facilitating phagocytosis by macrophages. Alternatively, at least 

in the later phases after the lesion osteopontin may be more involved in the remodeling 

of the extracellular matrix. Interestingly, a recent paper investigating the outcome after 

spinal cord injury in Spp1-/- knockout mice suggested that osteopontin enhanced recov-

ery from injury (Hashimoto et al., 2007). 

 Another gene that was related to the metastatic potential of tumors was Clu. One 

of the functions of Clu is control of cell-cell or cell-matrix associations (reviewed in 

Jones and Jomary, 2002). Clu can be expressed in at least two different forms: as an 

extracellularly secreted glycoprotein or it can be targeted to the nucleus where it acts as 

an apoptotic signal. Clu is also expressed by gliomas (Danik et al., 1991) and the shift 

from the nuclear apoptotic form to the extracellular form was associated with the trans-

formation into highly aggressive tumors and metastatic nodes (Pucci et al., 2004). It was 

proposed that the secreted form of Clu is a crucial metastatic factor, because it may in-

crease the motility of tumor cells by its cell-matrix adhesive property (Lau et al., 2006; 

Pucci et al., 2004). 

 Thus, there appears to be a great similarity between the invasive property of tu-
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mor cells and the growth-permissive activity of OEG. Tumor cells that become invasive 

are able to modify their surrounding environment, i.e. the extracellular matrix. This al-

lows them to translocate into environments they would normally not be able to attach to 

and grow out new colonies in a different tissue environment. In analogy, after debris 

removal OEG will have to provide an environment that is permissive to all actions that 

axons may have to display in the ONL: attachment, outgrowth, repulsion and fascicula-

tion. In addition, the OEG will have to modify their own properties of cell-cell attach-

ment upon encountering axons which should lead to repulsion or ensheathment. We pro-

pose that after axonal debris is removed the OEG provides an outgrowth-permissive 

environment by remodeling the extracellular matrix.  

 

Conclusion 

In conclusion, our microarray data have demonstrated global changes in gene expression 

in the ONL after a lesion of the olfactory epithelium indicating an immediate inflamma-

tory response, which involved phagocytosis of opsonized axonal debris with concomi-

tant downregulation of cholesterol biosynthesis and upregulation of cholesterol efflux 

and lipoprotein metabolism. These data strongly suggested a recycling of local choles-

terol. Genes associated with the extracellular matrix and cell adhesion had been partly 

involved in the immune response, but in addition, many genes associated with tumor 

invasiveness were found. The latter suggested that the remodeling of the extracellular 

matrix that metastatic tumors are capable of is similar to how OEG remodel the extracel-

lular matrix in the ONL to make it permissive to axonal outgrowth. We summarized our 

data as discussed in this paper in a hypothetical scheme in Fig. 15. The genes associated 

with the OEG may in principle be expressed by OEG or by other cell types in the ONL 

< Figure 15 Hypothesis concerning the role of the OEG in regeneration of the olfactory nerve de-

rived from the lesion-induced changes in gene expression in the olfactory nerve layer. The time line 

of nerve degeneration and regeneration is shown on the left by the blue boxes indicating axonal 

degeneration, debris, axon ingrowth and guidance, fasciculation and ensheathment. During these 

axon-associated events, the OEG is participating in a number of events. The event that triggers the 

dedifferentiation of the OEG is the loss of axonal contact. The subsequent axonal degeneration elic-

its an immediate inflammatory response, which leads to opsonin-dependent removal of debris by 

phagocytosis. Internalized debris-derived cholesterol causes a rapid shutdown of cholesterol biosyn-

thesis and a simultaneous efflux of cholesterol, while debris is also processed in the lysosomal com-

partment. Internalized debris-derived lipids may be calling for an increase in lipid storage and a 

decline in cholesterol synthesis. After debris removal, ingrowing novel axons encounter a remod-

eled, permissive extracellular matrix and benefit from the extracellularly accumulated lipoproteins. 

OEG will differentiate again once ensheathment of axons by OEG has terminated. The boxes are 

accompanied by the genes that pertain to the specific event indicated and as discussed in the paper. 

These genes may either be expressed by OEG or by other cell types in the ONL (e.g. fibroblast, 

macrophages, endothelial cells). Future studies will have to reveal in which cell type the changes in 

gene expression have occurred.  



CHAPTER 2 

88 

 (e.g. fibroblast, macrophages, endothelial cells). Future work will include the identifica-

tion and cellular localization of protein expression of some of the key genes that were 

differentially expressed in the ONL after a lesion of the olfactory epithelium.  
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 Abstract 

Olfactory ensheathing glia (OEG) are a specialized type of glia that support the growth 

of primary olfactory axons from the neuroepithelium in the nasal cavity to the brain. 

Transplantation of OEG in the injured spinal cord promotes sprouting of injured axons 

and results in reduced cavity formation, enhanced axonal and tissue sparing, remyelina-

tion and angiogenesis. Gene expression analysis may help to identify the molecular 

mechanisms underlying the ability of OEG to recreate an environment that supports re-

generation in the central nervous system. Here, we compared the transcriptome of cul-

tured OEG (cOEG) with the transcriptomes of cultured Schwann cells (cSCs) and of 

OEG directly obtained from their natural environment (nOEG), the olfactory nerve layer 

(ONL) of adult rats. Functional data mining by Gene Ontology (GO)-analysis revealed a 

number of overrepresented GO-classes associated with tissue repair. These classes in-

clude ‘response to wounding’, ‘blood vessel development’, ‘cell adhesion’ and GO-

classes related to the extracellular matrix and were overrepresented in cOEG compared 

to cSCs as well as nOEG. The current screenings approach combined with GO-analysis 

has identified distinct molecular properties of OEG that may underlie their efficacy and 

interaction with host tissue after implantation in the injured spinal cord. These observa-

tions can form the basis for studies on the function of novel target molecules for thera-

peutic intervention after neurotrauma. 

 

 

Introduction 

Olfactory ensheathing glia (OEG) are unique glia that enfold the axons of primary olfac-

tory neurons (Barber and Lindsay, 1982; Doucette, 1990). Following injury to the pri-

mary olfactory system, the formation of new olfactory neurons from a population of 

stem cells in the basal layer of the epithelium results in the reconstitution of the olfac-

tory neuroepithelium (Graziadei and Graziadei, 1979a; Graziadei and Graziadei, 1979b). 

OEG guide the axons of the newly formed primary olfactory neurons to the olfactory 

bulb where new synaptic contacts are formed with mitral, tufted and juxtaglomerular 

cells. OEG have a pivotal role in the regeneration of the olfactory nerve following injury 

since they create a favorable microenvironment for primary olfactory axons.  

 Cultured OEG support axonal outgrowth of a variety of neurons, including pri-

mary olfactory neurons, cerebellar granule and retinal ganglion cells and cortical neu-

rons (Chung et al., 2004; Kafitz and Greer 1999; Leaver et al., 2006; Ramon-Cueto et 

al., 1993; Sonigra et al., 1999; Van Den Pol and Santarelli 2003). After transplantation 

in the injured spinal cord, OEG have a beneficial effect on various aspects of neural re-

pair including tissue and axonal sparing, axonal sprouting, remyelination of spinal cord 

axons and angiogenesis. Transplants of OEG also mediate a certain degree of functional 
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 recovery in different spinal cord injury models (Chuah et al., 2004; Imaizumi et al., 

1998; Li et al., 2003; Li et al., 1997; Lopez-Vales et al., 2004; Plant et al., 2003; Ramer 

et al., 2004a; Ramon-Cueto et al., 2000; Sasaki et al., 2006; Smith et al., 2002). 

 OEG have many morphological, molecular and functional similarities with 

Schwann cells (SCs). Both cell types promote axonal outgrowth in their natural environ-

ment and in vitro and express similar neurotrophic factors, extracellular matrix and cell 

adhesion molecules (Oudega and Xu, 2006; Ramon-Cueto and Avila 1998; Wewetzer et 

al., 2002). OEG and SCs differ, however, in their capacity to intermingle with astro-

cytes. In culture, a well-defined barrier is formed between SCs and astrocytes (Lakatos 

et al., 2000). SCs induce hypertrophy in astrocytes and in the presence of SCs, astro-

cytes upregulate growth-inhibitory chondroitin sulphate proteoglycans in vitro and after 

implantation in the spinal cord. In contrast to SCs, OEG are able to intermingle with 

astrocytes (Lakatos et al., 2003; Lakatos et al., 2000).  

 The molecular mechanisms underlying the neuroregeneration-promoting proper-

ties of OEG remain largely unknown. Comparative transcriptome analysis may be in-

strumental in defining these mechanisms. To date, two large-scale gene expression stud-

ies have been performed on cultured OEG. In the first study, the transcriptomes of cul-

tured OEG, SCs and astrocytes were compared. This resulted in the identification of 

several molecules uniquely expressed by OEG (Vincent et al., 2005). In the second 

study, matrix metalloproteinase 2 was identified and was shown to be involved in stimu-

lation of neurite outgrowth by OEG (Pastrana et al., 2006).  

 The aim of this study was to use global gene expression profiling to define intrin-

sic molecular differences that distinguish OEG from SCs. To this end, gene expression 

profiles were generated of cultured olfactory bulb-derived OEG (cOEG) and cultured 

SCs (cSCs). Cultures were prepared like the cultures that have shown neuroregeneration

-promoting properties (Kubasak et al., 2008; Plant et al., 2003; Ramon-Cueto et al., 

2000; Ramon-Cueto et al., 1993; Ramon-Cueto et al., 1998) and cells were harvested at 

the moment they would normally be implanted into the lesioned spinal cord (Ramon-

Cueto et al., 1998). Furthermore, we compared the transcriptome of cOEG with native 

OEG (nOEG), i.e. OEG directly obtained from the olfactory nerve layer (ONL). This 

will yield information on transcriptional responses that are induced in OEG during cul-

turing. Gene expression profiles were subjected to Gene Ontology (GO)-

overrepresentation analysis. The GO-database is a hierarchical organization of GO-

classes, starting with the top-level ontologies for biological process, cellular component 

and molecular function (Ashburner et al., 2000). The entire GO-database currently com-

prises almost 24,000 GO-classes. The most strongly overrepresented GO-classes in 

cOEG were classes implicated in tissue repair, including the GO-classes ‘response to 

wounding’, ‘cell migration’, ‘cell adhesion’, ‘blood vessel development’, ‘cytokine ac-

tivity’ and GO-classes related to the extracellular matrix (ECM). This indicated that 
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 cOEG differ from cSCs and nOEG by the enriched expression of genes involved in 

processes that are critical for successful tissue repair. This distinctive gene expression 

profile of OEG may underlie their repair-promoting properties after implantation in the 

spinal cord.  

 

 

Material and Methods 

Cell culture 

OEG and SC cultures were prepared from inbred adult female Fischer F344 rats (Harlan, 

The Netherlands) as described previously (Morrissey et al., 1991; Ramon-Cueto and 

Nieto-Sampedro 1992). Briefly, rats were deeply anesthetized with CO2 and decapitated. 

Olfactory bulbs were dissected and placed in Leibovitz-15 (L-15) medium (Invitrogen). 

After removing the meninges, the olfactory nerve and glomerular layers (ONGL) were 

dissected away from the rest of the bulb. The ONGL was incubated in Ca2+- and Mg2+- 

free Hanks’ buffered salt solution (HBSS; Invitrogen) containing 0.1% trypsin 

(Invitrogen) for 10 min at 37˚C. Trypsinisation was stopped by adding Dulbecco’s 

modified Eagle’s/Ham’s F12 medium (DMEM/F12, Invitrogen), supplemented with 

10% fetal calf serum (FCS; Invitrogen) and 1% penicillin/streptomycin (PS; Invitrogen) 

(DF-10S). The tissue was centrifuged at 1000 rpm for 3 min, resuspended in DF-10S 

and centrifuged again. Tissue was then triturated in 4 ml DF-10S using glass pipettes 

until a homogeneous cell suspension was obtained. Cells were plated in DF-10S in four 

25 cm2 flasks, pre-coated with poly-L-lysine (PLL) for 2 hours at 37˚C. After 1 week, 

p75 positive OEG were purified from the cultures by immunopanning, as previously 

described (Ramon-Cueto et al., 1998). In short, 100 mm Petri dishes were incubated 

with 1:1000 anti-mouse IgG, Fc-specific (Jackson ImmunoResearch) at 4˚C overnight. 

Dishes were washed with phosphate-buffered saline (PBS; pH 7.3) and incubated at 4˚C 

overnight with p75 monoclonal antibody (gift of Dr. P Wood) diluted 1:2.5 in PBS. Af-

ter washing with PBS, dishes were incubated with PBS with 0.5% bovine serum albu-

min (BSA; Roche) for 1 hour at room temperature and then washed again with PBS and 

DMEM/F12. Cells were detached by trypsinization, resuspended in 15 ml DF-10S and 

seeded onto three antibody-coated dishes and left for 5 min at 37˚C. Unbound cells were 

removed from the dishes by washing three times with DMEM/F12. Bound cells were 

detached by using a cell scraper and seeded onto two other antibody-coated dishes for 5 

min at 37˚C. Dishes were also washed to remove unbound cells and attached cells were 

scraped off from the dishes and seeded onto two 25 cm2 flasks pre-coated with PLL. 

After two days, medium was changed by DF-10S containing 2 µM forskolin (Sigma-

Aldrich) and 20 µg/ml pituitary extract (Sigma-Aldrich).  

Sciatic nerves were dissected and placed in L-15 medium. Nerves were cut into small 
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 pieces and epineurial sheaths were stripped off. Nerve pieces were minced into small 

explants and transferred to 35 mm dishes containing 750 µl DMEM (Invitrogen), sup-

plemented with 10% FCS and 1% PS (D-10S). Once a week, explants were transferred 

to new dishes to remove migratory fibroblasts from the cultures. After approximately 5 

weeks, all migratory cells consisted of SCs. Explants were incubated in D-10S contain-

ing 1,25 U/ml dispase (Roche) and 0,05% collagenase (Invitrogen) overnight at 37˚C. 

Explants were washed twice with D-10S and dissociated. SCs were seeded onto PLL-

coated 35 mm dishes in D-10S containing 2 µM forskolin and 20 µg/ml pituitary extract.      

 

Immunocytochemistry to determine purity of cell preparations 

The purity of OEG and SC cultures was determined by immunocytochemistry. When 

cultures were harvested for microarray analysis, a small aliquot of the cell suspension 

was plated on PLL-coated coverslips. The next day, cultures were fixed for 20 min with 

4% paraformaldehyde, washed in PBS and blocked for 30 min in PBS containing 0.1% 

Triton X-100 and 2% FCS (PBS-TS). Cells were incubated with undiluted monoclonal 

anti-p75 and rabbit anti-S100 (Dako) diluted 1:600 in PBS-TS for 2 hours at room tem-

perature. After three washes in PBS, cells were incubated with Cy2 or Cy3-conjugated 

secondary antibodies (Jackson ImmunoResearch) diluted 1:400 in PBS-TS for 2 hours at 

room temperature. Cell nuclei were stained with Hoechst 33258 (Biorad). Coverslips 

were washed and mounted in mowiol. Purity of cultures was determined under a fluores-

Figure 1 Purified cultures of OEG and SCs. Cultures were stained at the moment of RNA harvest. 

The purity of cOEG and cSCs was 95% and 99% respectively. A,B: Cultures of OEG, stained for 

p75 (A) and S100 (B). C,D: cultures of SCs, stained for p75 (C) and S100 (D). Nuclei were counter-

stained with Hoechst.   
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 cence microscope by counting the number of p75- and S100-positive cells and the num-

ber of total cells by counting all stained nuclei (Fig. 1). The purity of cOEG and cSCs 

was 95% and 99% respectively.       

     

RNA sample preparation  

cOEG were harvested after 3.5 weeks in culture. cSCs were harvested at 2 weeks after 

dissociation of the sciatic nerve explants. Total RNA was isolated from the cultures and 

from the ONLs using the RNeasy mini kit (Qiagen) according to the manufacturer’s 

protocol. Olfactory bulbs from adult Fischer rats were dissected and cut into 400 µm 

thick sagittal sections using a tissue chopper (McIlwain). ONLs were manually dissected 

from the sections under a dissection microscope using a scalpel and homogenized in 

RNeasy lysis buffer (Buffer RLT). Cultures were harvested by trypsinization and resus-

pended in Buffer RLT. RNA was quantified by photo spectrometry and the quantity was 

determined on an Agilent 2100 Bioanalyzer (Agilent Technologies). Each RNA sample 

was obtained from one culture derived from 4 rats, or from a pool of ONLs dissected 

from 4 rats. Each sample was labeled with Cy3-CTP and Cy5-CTP using the Agilent 

Low RNA Input Fluorescent Linear Amplification kit (5184-3523) according to the 

manufacturer’s guidelines using 500 ng RNA from each sample.   

 

Experimental design and microarray hybridization 

For the microarray experiment, a factorial design was used consisting of direct compari-

sons between all 3 samples (Glonek and Solomon 2004). Three biological replicates 

were used for each sample and each comparison thus comprised three microarrays in-

cluding one dye swap pair (Fig. 2). Agilent Rat 60-mer Oligo Microarrays (G4130A, 

Agilent Technologies) interrogating 20,493 genes were used. Hybridization of arrays 

was performed according to manufacturer’s guidelines and using Agilent solutions and 

buffers. In brief, target solution was prepared containing Cy3- and Cy5-labeled cRNA 

(500 ng of each) and control targets. cRNA was hydrolyzed for 30 min at 60 ˚C. Probes 

were hybridized in hybridization solution for 17 hours at 60 ˚C in a hybridization rota-

tor. Arrays were washed in wash solution 1 (6x SSPE, 0.005% N-Lauroylsarcosine) for 

5 min, followed by wash solution 2 (0.06x SSPE, 0.005% N-Lauroylsarcosine) for ex-

actly 1 min. Arrays were transferred to acetonitrile for 1 min and then dried quickly un-

der pressurized nitrogen gas. Microarrays were scanned with an Agilent microarray 

scanner. 

 

Microarray analysis  

Red and green intensity data were acquired using Feature Extraction software V7.5.1 

(Agilent). Analysis of the microarray data was performed in R (http://www.r-

project.org) (Ihaka and Gentleman 1996) using the packages marray and limma. Arrays 
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were internally normalized based on Loess and globally normalized based on the median 

absolute deviation. Differential gene expression was determined for the cOEG-cSCs 

comparison and the cOEG-nOEG comparison by fitting a linear model to the normalized 

data. Genes with a p-value smaller than 0.001 were considered significant. 

 

Quantitative PCR  

cDNA was prepared from the same total RNA that was used for the microarray hybridi-

zations. cDNA was synthesized with 1 µg total RNA using Superscript II and oligo-dT 

primers. The resulting cDNA solution was diluted 100 times and used for the quantita-

tive PCR (qPCR) reaction. QPCR was performed using the ABI PRISM 7700 Sequence 

Detection System (Applied Biosystems) and SYBR Green PCR reagent kit (Applied 

Biosystems). The reaction mixture was composed of 10 µl SYBR Green mix, 3 µl prim-

ers (2 pmol of each primer), 1 µl cDNA solution and 6 µl H2O. Reaction conditions were 

2 min at 50˚C, 10 min at 95˚C followed by 40 cycles of 15 sec at 95˚C and 1 min at 

60˚C. Dissociation curve analysis was performed for each reaction to verify the produc-

tion of a single high-molecular product and absence of primer dimers. Amplification 

efficiency of all primer pairs was determined based on serial dilutions of cDNA. Three 

reference genes were used to normalize the expression levels (Ct values) of genes of 

interest.          

 The reference genes were selected based on their highest correlation of Ct values 

between cOEG and cSCs or cOEG and nOEG samples using geNorm v3.4 (http://

medgen.ugent.be/~jvdesomp/genorm/). The geometric mean of these three reference 

genes was used as normalization factor (Vandesompele et al., 2002). Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), Histone3 (H3) and H2A histone family, member Y 

(H2afy) were used as reference genes for cOEG and cSCs. Ribosomal protein S24 

Figure 2 Experimental design. RNA from three biological replicates was labeled with Cy3 and Cy5, 

represented by the green and red dots. RNA was hybridized on a total of nine microarrays, including 

dye swaps. Each line represents one array. 
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 (Rps24), Ribosomal protein L31 (Rpl31) and H3 were selected as reference genes for 

cOEG and nOEG. Primers were designed using Primer Express V 2.0 software (Applied 

Biosystems). Primer sequences that were used are listed in Supplementary table 2.   

  

Gene Ontology overrepresentation 

The web-based application GOstat (http://gostat.wehi.edu.au) was used to identify over-

represented GO-classes (Beissbarth and Speed 2004). 13,615 Genes that were expressed 

on the arrays (>2x background intensity) were used as reference group. Around 60% of 

all annotated rat genes contain a GO-annotation. Statistical inference was calculated 

with Fisher’s Exact Test. The Benjamini and Hochberg False Discovery Rate model was 

used to correct for multiple testing. The minimal length of considered GO-paths was 3. 

Significance was set at P<0.05.    

 

 

Results 

Differentially expressed genes 

Analysis of the transcriptomes of cOEG, cSCs and nOEG revealed a large number of 

differentially expressed genes. In total, 5,001 genes were differentially expressed be-

tween cOEG and cSCs and/or cOEG and nOEG (p-value<0.001) out of 13,615 genes 

that showed a hybridization signal on the arrays. Genes with a high differential expres-

sion were considered biologically the most relevant genes. Therefore, genes with at least 

a 2log ratio of 1.5, which is comparable to a near threefold difference in expression, 

were selected for further analysis. This list consisted of 350 genes differentially ex-

pressed between cOEG and cSCs and 659 genes differentially expressed between cOEG 

and nOEG, of which 105 genes were differentially expressed in both comparisons. From 

the 350 differentially expressed genes between cOEG and cSCs, the expression of 257 

genes (73%) was higher in cOEG and the expression of 93 genes (27%) was lower in 

cOEG. From the 659 differentially expressed genes between cOEG and nOEG, 197 

genes (30%) were higher expressed in cOEG and 462 genes (70%) were expressed at a 

lower level (Fig. 3).  

 To validate the changes observed by microarray, gene expression of a subset of 

37 genes was analyzed by qPCR (Fig. 4). This list contained genes differentially ex-

pressed between cOEG and cSCs as well as between cOEG and nOEG. The direction of 

gene expression changes was validated for all genes and the microarray and qPCR fold 

changes showed a correlation of R2=0.65. In general, the values obtained with qPCR 

were approximately 1.5 times higher than the values obtained by microarray. This is in 

line with observations of a previous microarray study (Stam et al., 2007).  
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Identification of overrepresented GO-classes in cultured OEG 

For functional data mining, the two lists of the cOEG-cSCs comparison and the cOEG-

nOEG comparison were subjected to GO-analysis. Of the 904 differentially expressed 

genes, 865 genes represent a unique unigene cluster. Of these 865 unique genes, 540 

genes were annotated in the GO-database. For each top-level GO-term (biological proc-

ess, cellular component and molecular function), overrepresented GO-classes were de-

termined. The combined results of this analysis are shown in Table 1 and in Supplemen-

tary table 6.  

 The number of overlapping GO-classes between both comparisons was remark-

able. These GO-classes included ‘response to wounding’ (GO:0009611), ‘cell adhe-

sion’ (GO:0007155), ‘cell growth’ (GO:0016049), ‘enzyme linked receptor protein sig-

naling pathway’ (GO:0007167), ‘neurogenesis’ (GO:0022008), ‘blood vessel develop-

ment’ (GO:0001568), ‘extracellular matrix organization and biogenesis’ (GO:0030198), 

‘regulation of cell proliferation’ (GO:0042127), ‘extracellular space’ (GO:0005615), 

‘proteinaceous extracellular matrix’ (GO:0005578), ‘integral/intrinsic to plasma mem-

brane’ (GO:0005887 and GO:0031226) and ‘endopeptidase inhibitor activ-

ity’ (GO:0004866). Overlapping GO-classes may point to biologically relevant molecu-

lar differences between activated OEG and activated SCs.   

 

Differentially expressed gene families 

We recognized several gene families in the gene lists that belong to the overrepresented 

Figure 3 Venn diagram representing the distribution of differentially expressed genes (2log ratio 

>1.5 and p-value<0.001) between both comparisons. The gene expression profile comparison of 

cOEG and cSCs resulted in 350 differentially expressed genes, of which 257 genes were higher 

expressed in cOEG and 93 genes lower. The comparison of cOEG and nOEG resulted in 659 differ-

entially expressed genes, of which 197 genes were higher expressed in cOEG and 462 genes lower. 

150 genes were differentially expressed between both comparisons.    
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GO-classes of which a considerable number of members were differentially expressed. 

These families are listed in Table 2 and included chemokines, serine peptidase inhibitors 

(serpins), fibroblast growth factor receptors, integrins, complement components, procol-

lagens, S100 calcium binding proteins, annexins, cathepsins, solute carriers and genes 

involved in insulin-growth factor function. Although most of these families contained 

members that were expressed either higher or lower between both comparisons, almost 

all serpins are only differentially expressed between cOEG and nOEG and the solute 

carriers were mainly downregulated in cOEG compared to nOEG. On the other hand, 

the expression of almost all procollagens was higher in cOEG compared to cSCs as well 

as compared to nOEG. 

 

 

Discussion 

In this study, we compared the transcriptome of cOEG with the transcriptomes of cSCs 

and nOEG. Several hundred genes showed a more than threefold difference in expres-

sion. A number of GO-classes associated with processes required for tissue repair was 

overrepresented in cOEG, including ‘response to wounding’, ‘blood vessel develop-

ment’, ‘cell migration’ and GO-classes related to the ECM. The identification of these 

overrepresented GO-classes suggest distinct molecular characteristics of OEG that may 

underlie the previously documented beneficial effects of OEG transplants on the recov-

ery process following spinal cord injury. The current GO-analysis therefore identifies 

potential novel molecular targets for therapeutic intervention in spinal cord injury. 

 

Tissue repair properties of OEG 

‘Response to wounding’ (GO:0009611) was identified as an overrepresented GO-class 

in cOEG as compared to cSCs as well as to nOEG. The GO-term ‘response to wound-

Figure 4 Comparison of gene expression by microarray and qPCR. Correlation between microarray 

and qPCR results (2log ratios) of 37 transcripts. Primer sets and the genes validated by qPCR are 

provided in supplementary Table 1.  
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 Table 1 Overrepresented GO-classes within the two groups of differentially expressed genes.  

A. cOEG-cSC comparison 

  Gene Ontology cOEG cSCs Total P-value 

Biological process         

GO:0009611 Response to wounding 23 6 221 6.73E-12 

GO:0007155 Cell adhesion 28 6 297 2.61E-11 

GO:0016477 Cell migration 17 3 153 3.55E-08 

GO:0016049 Cell growth 13 2 86 1.57E-05 

GO:0009888 Tissue development 12 5 146 1.65E-05 

GO:0007167 Enzyme linked receptor protein signaling pathway 11 5 145 1.10E-04 

GO:0022008 Neurogenesis 17 4 228 2.28E-04 

GO:0001568 Blood vessel development 11 3 96 2.28E-04 

GO:0006935 Chemotaxis 7 2 42 3.77E-04 

GO:0030198 Extracellular matrix organization and biogenesis 7 0 26 6.64E-04 

GO:0042127 Regulation of cell proliferation 15 6 244 7.52E-04 

GO:0007517 Muscle development 7 4 76 1.49E-03 

Cellular component         

GO:0005615 Extracellular space 63 11 781 2.09E-19 

GO:0005578 Proteinaceous extracellular matrix 19 1 113 1.13E-07 

GO:0005887 Integral to plasma membrane 19 10 424 4.23E-03 

GO:0045177 Apical part of cell 7 0 50 1.68E-02 

GO:0030426 Growth cone 2 2 21 4.43E-02 

GO:0043235 Receptor complex 1 4 34 4.61E-02 

Molecular function         

GO:0005520 Insulin-like growth factor binding 6 0 14 9.92E-04 

GO:0008083 Growth factor activity 10 0 64 6.82E-03 

GO:0005201 Extracellular matrix structural constituent 7 0 35 8.73E-03 

GO:0005125 Cytokine activity 8 2 81 1.67E-02 

GO:0004866 Endopeptidase inhibitor activity 8 0 56 1.94E-02 

GO:0005178 Integrin binding 5 0 22 2.18E-02 

GO:0004888 Transmembrane receptor activity 9 8 261 3.65E-02 
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B. cOEG-nOEG comparison 

  Gene Ontology cOEG nOEG Total P-value 

Biological process         

GO:0001568 Blood vessel development 12 9 96 1.56E-06 

GO:0016049 Cell growth 14 5 86 4.21E-06 

GO:0007610 Behavior 7 18 140 2.24E-05 

GO:0007268 Synaptic transmission 6 23 188 1.36E-04 

GO:0022008 Neurogenesis 7 25 228 5.35E-04 

GO:0042127 Regulation of cell proliferation 17 16 244 9.91E-04 

GO:0007155 Cell adhesion 21 17 297 1.05E-03 

GO:0009611 Response to wounding 17 13 221 2.10E-03 

GO:0030198 Extracellular matrix organization and biogenesis 7 1 26 6.62E-03 

GO:0048878 Chemical homeostasis 2 18 134 6.65E-03 

GO:0001657 Ureteric bud development 2 4 16 1.10E-02 

GO:0042221 Response to chemical stimulus 11 23 293 2.00E-02 

GO:0007167 Enzyme linked receptor protein signaling pathway 8 12 145 2.28E-02 

GO:0006952 Defense response 9 14 177 2.50E-02 

GO:0044255 Cellular lipid metabolic process 5 27 289 2.96E-02 

Cellular component         

GO:0005615 Extracellular space 48 63 781 1.93E-17 

GO:0005578 Proteinaceous extracellular matrix 21 7 113 1.75E-12 

GO:0043005 Neuron projection 5 16 107 8.66E-06 

GO:0030141 Secretory granule 2 6 35 2.18E-02 

GO:0031226 Intrinsic to plasma membrane 10 34 433 3.24E-02 

Molecular function         

GO:0004866 Endopeptidase inhibitor activity 7 8 56 3.46E-04 

GO:0005184 Neuropeptide hormone activity 2 4 13 5.36E-03 

GO:0005509 Calcium ion binding 18 22 335 5.36E-03 

GO:0001871 Pattern binding 7 4 44 5.36E-03 

GO:0019838 Growth factor binding 6 4 40 9.53E-03 

GO:0001664 G-protein-coupled receptor binding 2 9 48 9.69E-03 
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 ing’ is defined as “a change in state or activity as a result of a stimulus indicating dam-

age to the organism”. In the cOEG-nOEG comparison, ‘defense re-

sponse’ (GO:0006952) was also found as overrepresented GO-term in cOEG. Defense 

response is defined as “reactions, triggered in response to the presence of a foreign body 

or the occurrence of an injury, which result in restriction of damage to the organism at-

tacked or prevention/recovery from the infection caused by the attack”. Several well-

orchestrated processes occur as a result of wounding including hemostasis, inflamma-

tion, clearance of cellular debris and/or bacteria, ECM formation and angiogenesis (see 

for review Broughton et al., 2006; Midwood et al., 2004). The differentially expressed 

genes responsible for the overrepresentation of ‘response to wounding’ could thus be 

involved in multiple processes. A number of these processes were also present as dis-

tinct overrepresented GO-classes in the dataset. For example ‘blood vessel develop-

ment’ was overrepresented between both cOEG-cSCs and cOEG-nOEG. ‘Cytokine ac-

tivity’ (GO:0005125), an important element of the immune response, was overrepre-

sented in cOEG compared to cSCs. In addition, several GO-classes related to the ECM 

and to the extracellular space were present in both comparisons. Obviously, the overrep-

resentation of the GO-classes ‘response to wounding’ and several GO-classes related to 

wound healing in cOEG is relevant with respect to the effects of OEG following trans-

plantation in the injured spinal cord.  

 Angiogenesis is enhanced in the spinal cord following OEG implantation (Lopez-

Vales et al., 2004; Ramer et al., 2004a; Ramer et al., 2004b; Richter et al., 2005). The 

present observations provide molecular evidence for this property of OEG by identify-

ing ‘blood vessel development’ as overrepresented GO-class. Stimulating angiogenesis 

would increase the blood flow to the injured area and may improve functional recovery 

(Loy et al., 2002). Moreover, newly formed blood vessels may provide scaffolds for 

migrating glia and regrowing axons (Ramer et al., 2004a). Important promoters of an-

giogenesis are the vascular endothelial growth factors (VEGFs) (Roy et al., 2006). 

VEGF-A is not differentially expressed between cOEG, cSCs and nOEG but VEGF-C is 

upregulated in OEG during culturing and the expression of VEGF-C is also higher in 

cOEG compared to cSCs. Another gene in the GO-class blood vessel development was 

the matricellular protein and angiogenic factor Cyr61. Cyr61 regulates the expression of 

several genes involved in angiogenesis and ECM-remodeling, including VEGF-C 

< Overrepresented GO-classes within the two groups of differentially expressed genes. 

Table 1A specifies the overrepresented GO-classes between cOEG and cSCs. Table 1B 

specifies the overrepresented GO-classes between cOEG and nOEG. The GO-classes re-

lated to one of the three themes tissue repair, extracellular matrix and cell adhesion/cell 

migration are indicated with a colored block (tissue repair in orange, extracellular matrix 

in blue and cell adhesion/cell migration in green). GO-classes related to growth and devel-

opment are indicated with a grey block. 
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 Table 2 Differentially expressed gene families between cOEG, cSCs and nOEG  

Accession# Gene name cOEG-cSC cOEG-nOEG 

NM_031530 Chemokine (C-C motif) ligand 2 -3.2 -0.2 

BF419899 Chemokine (C-C motif) ligand 7 -1.8 -1.9 

NM_030845 Chemokine (C-X-C motif) ligand 1 1.7 1.5 

NM_022177 Chemokine (C-X-C motif) ligand 12 1.7 -1.4 

NM_022205 Chemokine (C-X-C motif) receptor 4 1.7 0.02 

AA996885 Chemokine (C-C motif) ligand 19 (predicted) -0.2 -2.6 

NM_134455 Chemokine (C-X3-C motif) ligand 1 1.5 -2.4 
    

AI179984 Serine peptidase inhibitor, clade F, member 1 4.7 2.4 

NM_134432 Serine peptidase inhibitor, clade A, member 8 -0.4 -4.5 

NM_012620 Serine peptidase inhibitor, clade E, member 1 0.5 1.5 

AA800318 Serine peptidase inhibitor, clade G, member 1 0.7 -2.4 

NM_053779 Serine peptidase inhibitor, clade I, member 1 0.2 -1.7 

NM_017173 Serine peptidase inhibitor, clade H, member 1 0.7 1.8 

AA900768 Serine peptidase inhibitor, clade B, member 6b 1.1 1.3 
    

CA512073 Insulin-like growth factor binding protein 4 3.2 1.0 

NM_013122 Insulin-like growth factor binding protein 2 2.8 -2.3 

NM_012588 Insulin-like growth factor binding protein 3 2.6 2.1 

NM_031511 Insulin-like growth factor 2 0.4 -4.2 

NM_012756 Insulin-like growth factor 2 receptor 0.8 1.6 
    

BF391339 Fibroblast growth factor receptor 4 1.6 -0.2 

BQ205363 Fibroblast growth factor receptor-like 1 2.3 3.7 

NM_053429 Fibroblast growth factor receptor 3 1.9 1.2 

BM385308 Fibroblast growth factor receptor 1 2.8 0.1 

BF557572 Fibroblast growth factor receptor 2 -0.1 -2.9 

    

NM_030994 Integrin alpha 1 2.4 0.9 

AA875092 Integrin alpha 7 -2.5 -3.2 

AI137931 Integrin, alpha 6 -2.2 -0.4 

NM_013180 Integrin beta 4 -1.0 -3.0 

AI502837 Integrin beta 8 (predicted) -3.5 -0.6 
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 AI716054 Complement component 1, q subcomponent-like 1 (predicted) 5.0 3.0 

NM_130409 Complement component factor H 3.7 1.3 

NM_019262 Complement component 1, q subcomponent, beta polypeptide 2.7 -0.9 

NM_016994 Complement component 3 4.6 2.6 

AI412156 Complement component 4a 2.4 -1.2 

NM_138900 Complement component 1, s subcomponent 2.3 -0.2 

AI411618 Complement component 1, q subcomponent, gamma polypeptide 0.3 -1.7  
    

AI599979 Procollagen, type XI, alpha 1 4.1 2.5 

BQ206577 Procollagen, type XVIII, alpha 1 2.3 2.6 

BM388714 Procollagen, type IX, alpha 1 2.8 2.5 

AA923853 Procollagen, type XV 3.2 2.8 

CB545139 Procollagen, type XVI, alpha 1 2.7 1.2 

BM387852 Procollagen, type VI, alpha 3 (predicted) 0.1 -1.8 
    

NM_019225 Solute carrier family 1, member 3 2.6 -2.1 

NM_138827 Solute carrier family 2, member 1 -0.2 -2.2 

NM_031741 Solute carrier family 2, member 5 -0.1 -2.2 

NM_052983 Solute carrier family 5, member 5 0.1 -1.5 

NM_024371 Solute carrier family 6, member 1 -0.7 -5.4 

NM_017217 Solute carrier family 7, member 3 0.1 -1.9 

NM_017353 Solute carrier family 7, member 5 1.9 2.2 

NM_053442 Solute carrier family 7, member 8 0.2 -2.0 

NM_134363 Solute carrier family 12, member 5 0.5 -2.4 

NM_022866 Solute carrier family 13, member 3 -0.3 -4.8 

NM_031672 Solute carrier family 15, member 2 -0.007 -2.6 

NM_017224 Solute carrier family 22, member 6 -0.1 -2.9 

NM_031332 Solute carrier family 22, member 8 0.1 -2.0 

BE098153 Solute carrier family 24, member 3 1.0 -1.8 

AI556625 Solute carrier family 24, member 4 (predicted) -0.1 -2.6 

BG380364 Solute carrier family 25, member 18 -0.2 -2.1 

BF548000 Similar to solute carrier family 25, member 23 0.6 -1.6 

NM_138854 Solute carrier family 38, member 5 -0.04 -1.6 

BM384212 Solute carrier family 44, member 2 (predicted) 1.6 1.8 

AI101171 Solute carrier organic anion transporter family, member 3a1 2.4 1.7 
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(Brigstock, 2002; Chen et al., 2001). Besides these angiogenesis-promoting factors, the 

anti-angiogenic protein a disintegrin and metalloproteinase with thrombospondin motifs 

(ADAMTS1) was higher expressed in cOEG. ADAMTS1 is a secreted metallopro-

teinase that can bind to VEGF165, a VEGF-A isoform that inactivates VEGF receptor 2 

(Iruela-Arispe et al., 2003). The presence of both pro-and anti-angiogenic factors sug-

gests that OEG have the potential to regulate angiogenesis at the implantation site in the 

injured spinal cord.  

 A number of genes belonging to the GO-class ‘blood vessel development’ over-

represented in cOEG compared to nOEG play a role in fibrinolysis. Fibrinolysis is the 

process in which blood clots are dissolved as a result of fibrin break down. These genes 

include the serine protease tissue plasminogen activator, annexin A2 and two serpins. To 

cleave fibrin, the inactive precursor enzyme plasminogen is converted by tissue plasmi-

nogen activator to the active enzyme plasmin. Annexin A2 facilitates this process by 

acting as a profibrinolytic coreceptor for plasminogen and tissue plasminogen activator 

on the surface of endothelial cells (Kim and Hajjar, 2002). Although plasminogen is also 

expressed by cOEG, the expression levels are equal in cSCs and nOEG. The two serpins 

present in the GO-class, serpin clade E, member 1 (serpinE1) and serpin clade I, mem-

ber 1 (serpinI1) are inhibitors of plasminogen activator. SerpinE1 is higher expressed by 

cOEG compared to nOEG, whereas serpinI1 is lower expressed by cOEG. The differen-

tial expression of positive and negative modulators strongly indicates that OEG can par-

ticipate in the degradation of fibrin clots.  

 Tissue plasminogen activator is also known to contribute to other processes, such 

as ECM-remodeling, neurotransmission and synaptic plasticity (Benarroch, 2007; Nezi 

NM_012904 Annexin A1 1.2 4.1 

NM_019905 Annexin A2 -0.7 2.3 

NM_013132 Annexin A5 1.0 1.7 
    

NM_031114 S100 calcium binding protein A10 (calpactin) -0.6 3.4 

Y10056 S100 calcium binding protein A11 (calizzarin) 0.4 2.8 

NM_053485 S100 calcium binding protein A6 (calcyclin) 1.0 3.7 

NM_012618 S100 calcium-binding protein A4 -1.2 3.5 
    

NM_017097 Cathepsin C 1.8 1.5 

NM_031560 Cathepsin K 1.6 0.5 

NM_013156 Cathepsin L 2.8 1.4 

Fold changes are represented as 2log ratio(cOEG/cSCs) or 2log ratio(cOEG/nOEG).   
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 et al., 2002; Samson and Medcalf, 2006). Tissue plasminogen activator exhibited a neu-

roprotective role following sciatic nerve injury. Tissue plasminogen activator, expressed 

by SCs, played a role in the removal of fibrin after axonal damage, which protected 

against widespread axonal and myelin loss (Akassoglou et al., 2000). Therefore, the 

identification of several genes that participate in this pathway in cOEG could implicate a 

neuroprotective function by a mechanism that involves degradation of ECM (Davies et 

al., 2006). Additional indications for a role of OEG in modification of the ECM are dis-

cussed below. 

 The overrepresented GO-class ‘cytokine activity’ in cOEG compared to cSCs, 

together with the differential expression of several chemokine ligands and complement 

factors between cOEG and cSCs as well as between cOEG and nOEG (Table 1, Table 2, 

Supplementary table 6) might imply specific immune response modulating properties of 

OEG. The expression of ciliary neurotrophic factor (CNTF) was higher in cOEG in both 

comparisons. This corroborates the literature (Boruch et al., 2001; Lipson et al., 2003; 

Wewetzer et al., 2001). CNTF modulates neuroinflammation and glial cell survival 

(Linker et al.,, 2002). Chemokines are important in leukocyte recruitment at sites of in-

flammation. In this respect it is interesting to note that the GO-class 

‘chemotaxis’ (GO:0006935) was overrepresented in cOEG compared to cSCs. Although 

chemokines are primarily known as pro-inflammatory molecules, implantation of OEG 

has never been associated with an induction of the inflammatory response. Chemokines 

also regulate a number of other cellular processes such as angiogenesis, proliferation, 

neuronal survival and migration of oligodendrocyte precursor cells during development 

(reviewed in Ambrosini and Aloisi, 2004). In astrocytes, expression of certain chemoki-

nes has been implicated in the migration of neuronal progenitors, remyelination and in-

hibition of microglial toxicity (Farina et al., 2007). Astrocytes express several receptors 

involved in innate immunity, including Toll-like receptors, scavenger receptors, the 

mannose receptor and also a range of complement factors, complement receptors and 

complement inhibitors (Farina et al., 2007). Astrocytes can regulate and impede long-

lasting inflammation, promote repair of the blood brain barrier and restrain neuronal 

degeneration (Farina et al., 2007). OEG have several morphological and antigenic simi-

larities to astrocytes (Barber and Lindsay, 1982; Chuah and West, 2002; Doucette, 1990; 

Ramon-Cueto and Avila, 1998). Overlapping expression of chemokine family members 

in OEG and astrocytes might indicate that OEG and astrocytes share neuroprotective 

properties and that OEG may collaborate with astrocytes to constrain injury-induced 

damage following implantation in the injured spinal cord.  

 In conclusion, overrepresentation of the GO-classes ‘response to wounding’, 

‘blood vessel development’ and ‘cytokine activity’ may point to unique tissue repair 

characteristics of OEG and may highlight neuroprotective properties of OEG.  
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 Is extracellular matrix formation and remodeling a property of OEG that contributes to 

tissue repair?  

Besides inflammation and angiogenesis, synthesis of a new ECM is vital in the rebuild-

ing of tissue after injury. During tissue repair, ECM proteins provide structural integrity 

and the matrix serves as a scaffold for cell adhesion and migration (Midwood et al., 

2004). In addition to structural ECM proteins, the existence of extracellular proteins that 

do not have structural properties but rather are involved in a variety of physiological 

processes important for cell-matrix interactions and cell function, the so-called matricel-

lular proteins, have been identified as important extracellular components (Bornstein 

and Sage, 2002; Midwood et al., 2004). Several GO-classes related to ECM were over-

represented in cOEG compared to cSCs and nOEG. These classes included 

‘extracellular matrix organization and biogenesis’ (GO:0030198), ‘extracellular 

space’ (GO:0005615) and ‘proteinaceous extracellular matrix’ (GO:0005578). In addi-

tion, the GO-class ‘extracellular matrix structural constituent’ (GO:0005201) was over-

represented in cOEG compared to cSCs. The expression of several procollagens (IX 

alpha1, XI alpha 1, XV, XVI and XVIII alpha 1) was higher in cOEG. Procollagens are 

the precursor proteins of collagens, which form a major constituent of the ECM. Procol-

lagen proteinases cleave the C-terminal and N-terminal propeptide ends from the procol-

lagens followed by the initiation of collagen fibril formation. No procollagen proteinases 

were identified in the dataset. Nevertheless, the expression of procollagen C-

endopeptidase enhancer protein (Pcolce), which is a protein involved in collagen biosyn-

thesis, was higher in cOEG in both comparisons. Also serpin clade H, member 1 or heat 

shock protein 47 (Hsp47) was upregulated in cOEG compared to nOEG. Hsp47 is a mo-

lecular chaperone protein in collagen folding and is also important in collagen synthesis 

(Dafforn et al., 2001). The expression of collagen triple helix repeat containing 1 

(Cthrc1) was higher in cOEG in both comparisons. Cthrc1 is a negative regulator of col-

lagen matrix deposition and promotes cell migration (Pyagay et al., 2005). Another 

molecule related to collagen matrix formation is fibromodulin. In cSCs, fibromodulin 

expression is absent while it is clearly expressed in cOEG. The proteoglycan fibro-

modulin has a regulatory role in collagen network formation by inhibiting fibril forma-

tion (Hedbom and Heinegard, 1989; Svensson et al., 1999). Moreover, fibromodulin was 

also identified as an important molecule in wound repair. Fibromodulin mediates the 

transition from fetal scarless repair to adult wound repair including scar formation (Soo 

et al., 2000). Fibromodulin regulates the expression of several transforming growth fac-

tors (TGFs), matrix metalloproteinases (MMPs) and tissue inhibitors of metallopro-

teinases (TIMPs) and overexpression in adult rabbits improved skin wound healing 

(Stoff et al., 2007). Since fibromodulin may play an important role in reducing the for-

mation of a growth-inhibitory scar, it would be an interesting target for further study. 

 TGF-beta 1 and 2 are important mediators of ECM-deposition during wound re-



GENE EXPRESSION PROFILING OF OEG IN VITRO 

107 

 pair. TGF-beta 1 and 2 induce the expression of connective tissue growth factor (CTGF) 

leading to fibronectin and collagen synthesis (Moussad and Brigstock, 2000; Yokoi et 

al., 2002). TGF-beta 2, fibronectin and the matricellular protein CTGF were all present 

in the overrepresented GO-classes of cOEG compared to cSCs and nOEG. 

 We also found enhanced expression of the two matricellular glycoproteins tenas-

cin-C and Secreted Protein, Acidic and Rich in Cysteine (SPARC) in cOEG as com-

pared to nOEG. Tenascin-C, which was upregulated in cOEG, regulates fibronectin 

deposition and contributes to cell migration into the wound site (Tamaoki et al., 2005; 

Trebaul et al., 2007). Besides SPARC, SPARC-like 1 was also present in the GO-

classes. Interestingly, both molecules have opposing expression profiles. Whereas 

SPARC was upregulated in cOEG, SPARC-like 1 was identified as the most downregu-

lated gene in cOEG compared to nOEG. SPARC was recently identified in conditioned 

medium of cultured OEG. SPARC enhanced SC-mediated neurite outgrowth and influ-

enced macrophage infiltration (Au et al., 2007). SPARC is an important molecule in 

wound healing, since it binds to several ECM molecules, including procollagens, and 

affects ECM formation, cellular adhesion, migration, proliferation and angiogenesis 

(Barker et al., 2005; Bradshaw and Sage, 2001; Martinek et al., 2007; Phan et al., 2007). 

SPARC-like 1 has partial sequence similarity to SPARC (Johnston et al., 1990) and both 

proteins are thought to be important modulators of cellular interactions. Although both 

genes are expressed in the adult central nervous system, SPARC and SPARC-like 1 

show different spatial expression patterns during embryonic development. SPARC is 

expressed in cartilage and skeletal structures, whereas SPARC-like 1 is enriched in the 

nervous system (Mothe and Brown, 2001). This suggests distinctive functions of both 

proteins and it would be interesting to investigate the functional implication of the dif-

ferential expression of both matricellular proteins by OEG.         

 Another strong indication for a role of OEG in modulation of the ECM is the 

presence of metalloproteinases and several inhibitors of metalloproteinases in the over-

represented GO-classes. Metalloproteinases degrade connective tissue. This is important 

during wound healing for the removal of damaged tissue and temporary ECM and to 

allow blood vessel formation (Mauch, 1998). The expression of two metalloproteinases 

was higher in cOEG than cSCs and nOEG: membrane metallo endopeptidase and 

ADAMTS1. ADAMTS1 was mentioned before with respect to its role in angiogenesis. 

ADAMTS1 can also cleave proteoglycans, including aggrecan, versican and brevican 

(Malemud, 2006). Thus enhanced expression of this protein in OEG may have implica-

tions for the deposition of these inhibitory chondroitin sulphate proteoglycans in the 

scar. The expression of the reversion-inducing cysteine-rich protein with kazal motifs 

(RECK) and α2-macroglobulin was also higher in cOEG. RECK binds and inhibits a 

number of MMPs. α2-Macroglobulin is involved in the removal of MMPs from the ex-

tracellular environment (Baker et al., 2002). Also Pcolce, discussed above with respect 
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  to its role in collagen matrix formation, might act as MMP inhibitor (Banyai and Patthy 

1999). The expression of TIMP2 was higher in cOEG than cSCs. This is not in line with 

previous findings (Pastrana et al., 2006; Vincent et al., 2005). In the study of Pastrana 

and colleagues, three populations of OEG cultures were compared, which were known 

to differ in their neurite outgrowth-promoting potential. MMP2 contributed to the neu-

roregeneration-promoting activity of OEG, potentially by degrading growth inhibitory 

ECM around neurons (Pastrana et al., 2006). On our arrays, MMP2 was not differen-

tially expressed. Nevertheless, the identification of MMP2 or its inhibitor in independent 

microarray studies may indicate a specific function of these two molecules in cOEG.  

 The current observations demonstrate that cOEG differ from cSCs in key mole-

cules involved in the formation and remodeling of the ECM, including both structural 

and matricellular proteins. ECM-formation and remodeling could be an important func-

tional attribute of OEG in an activated state. The concomitant expression of several 

genes involved in the assembly and degradation of the ECM may implicate the ability of 

OEG to support tissue sparing and it may implicate that OEG actively contribute to the 

formation of an extracellular microenvironment permissive for axon regeneration.  

 

Cell adhesion and cell migration 

The overrepresentation of the GO-classes ‘cell migration’ (GO:0016477) and ‘cell adhe-

sion’ (GO:0007155) is of particular interest since the migratory properties of OEG after 

implantation have been the subject of an intense debate (Deng et al., 2006; Harvey and 

Plant 2006; Lee et al., 2004; Lu et al., 2006; Pearse et al., 2007; Ramer et al., 2004a; 

Ramon-Cueto et al., 1998; Richter et al., 2005). Several studies suggested that trans-

planted OEG migrated over relatively long distances in the injured spinal cord (Li et al., 

1997; Li et al., 1998; Ramon-Cueto et al., 2000; Ramon-Cueto et al., 1998; Resnick et 

al., 2003), but the asserted migratory properties of OEG were mostly based on inappro-

priate labeling techniques. Labeling of OEG by viral vector-mediated expression of GFP 

revealed that OEG display limited migratory properties (Lakatos et al., 2003; Lee et al., 

2004; Lu et al., 2006; Ramer et al., 2004a; Ruitenberg et al., 2002). In the primary olfac-

tory system, OEG do not migrate over long distances after lesioning the epithelium or 

after intracranial axotomy (Li et al., 2005; Williams et al., 2004). SCs on the contrary 

are well-known as motile cells in the peripheral nervous system after a lesion. They pro-

liferate and migrate to form the bands of Büngner (Fawcett and Keynes, 1990). Also 

after disruption of the glia limitans following spinal cord injury, SCs migrate from the 

dorsal roots into the spinal cord (Blakemore, 1975; Oudega and Xu, 2006). However, 

the migration distance is limited, since SCs are hindered by the presence of astrocytes 

(Franklin and Blakemore, 1993; Lakatos et al., 2000). OEG differ from SCs in this re-

spect, since OEG are able to intermingle with astrocytes after implantation in the lesion 

site (Lakatos et al., 2003; Lakatos et al., 2000).    
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  A number of molecules present in the overrepresented GO-classes can be linked 

to a role in modulating cell migration and cell adhesion. The aforementioned proteins 

Cthrc1 and tenascin-C are both involved in promoting cell migration in response to in-

jury (Pyagay et al., 2005; Tamaoki et al., 2005) and SPARC is known as anti-adhesive 

protein (Sage et al., 1989). Also the structural ECM-molecules fibronectin and laminin 

were expressed at a significantly higher level in cOEG compared to cSCs and nOEG. 

Both molecules are well-known as pro-migratory substrates and are possibly involved in 

promoting endogenous SC-infiltration after implantation of OEG as well as in providing 

a growth-promoting substrate for regenerating axons.  

 A number of genes belonging to the overrepresented GO-classes play a role in 

anti-migratory effects. The cell-surface glycoprotein CD9, which is expressed at higher 

levels in cOEG than in cSCs is involved in inhibiting cell migration. CD9 is a cell-

adhesion molecule of the tetraspanin family and was first identified in the hematopoietic 

system and implicated in cell adhesion, proliferation and motility (Wright and 

Tomlinson, 1994). In the nervous system, CD9 regulates SC-migration during peripheral 

nerve injury. The expression of CD9 in SCs was dependent on axonal contact. CD9 was 

downregulated during axonal degeneration and upregulated when axons were regenerat-

ing. Also in culture, SCs only expressed CD9 in the presence of neurons (Banerjee and 

Patterson, 1995). Functionally blocking CD9 in SCs cocultured with axons resulted in 

increased SC-migration, which showed that CD9 is an important regulator of SC-

migration during Wallerian degeneration (Anton et al., 1995). The high expression of 

CD9 in cOEG and nOEG may therefore indicate anti-migratory properties. Another 

gene, which is higher expressed in cOEG than cSCs and nOEG and which also has anti-

migratory effects, is the receptor activity-modifying protein 3 (RAMP3). Like the two 

other isoforms of RAMP (RAMP1 and 2), RAMP3 transports the calcitonin-receptor-

like receptor (CRLR) to the plasma membrane to function as adrenomedullin receptors. 

Adrenomedullin has potent anti-migratory effects, that are mediated by RAMP2 or 

RAMP3 and CRLR (Fukai et al., 2003). Adrenomedullin expression was higher in 

cOEG. However, CRLR was not expressed in cOEG, cSCs or nOEG. Despite the ab-

sence of CRLR expression, adrenomedullin could activate RAMP3 via an as yet un-

known receptor on OEG thereby providing a potential autocrine mechanism in OEG that 

inhibits their own migration. Thus, on the one hand an anti-migratory molecular machin-

ery in OEG may contribute to the limited migration of these cells after transplantation, 

while on the other hand OEG express a number of proteins that could have a positive 

effect on the migration of surrounding cells including SCs (Boyd et al., 2005; Ramer et 

al., 2004). 

 The ‘pathway hypothesis’, proposed by Raisman and Li, emphasizes the impor-

tance of recreating aligned glial pathways in the injured spinal cord to stimulate axonal 

regeneration (Li et al., 2005; Raisman and Li, 2007). Cell adhesion molecules presuma-
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 bly play an important role in the formation of these pathways. The GO-classes cell adhe-

sion and cell migration also contained genes involved in cellular adhesion, rather than 

cellular migration. Several integrins (alpha 1, alpha 6, alpha 7, beta 4 and beta 8 pre-

dicted) were differentially expressed in both comparisons (Table 2). Moreover, the GO-

class ‘integrin binding’ (GO:0005178) was overrepresented in cOEG compared to cSCs. 

Integrins are cell surface receptors, important in cell-cell and cell-matrix interactions. 

We also identified a number of cadherins. Cadherins are transmembrane proteins that 

mainly play a role in cell-cell adhesion. The expression of cadherin-3 was higher in 

cOEG compared to both cSCs and nOEG and the expression of cadherin-5 and MT-

protocadherin was lower in cOEG than nOEG. Also catenin delta 2, which is important 

in cadherin-complex formation was downregulated in cOEG compared to nOEG. An-

other cadherin, N-cadherin, is known to mediate SC-astrocyte and SC-SC adhesion 

(Wilby et al., 1999) and is involved in the differential interaction of OEG and SCs with 

astrocytes (Fairless et al., 2005). Whereas OEG intermingle with astrocytes, a strong 

barrier is formed between SCs and astrocytes. Although OEG and SCs do not differen-

tially express N-cadherin, down-regulation of N-cadherin in SCs resulted in more SC-

astrocyte intermingling, which implied a different role of N-cadherin in both cell types 

(Fairless et al., 2005). It would be interesting to investigate the involvement of the other 

differentially expressed cadherins in the interaction difference of OEG and SCs with 

astrocytes. Another cell adhesion molecule, which is higher expressed in cOEG than 

cSCs, is junctional adhesion molecule 1 (JAM-1). JAMs are enriched at tight junctions 

in epithelial and endothelial cells (Ebnet et al., 2004; Mandell and Parkos, 2005). ZO-1, 

a protein also associated with tight junctions, was demonstrated to be expressed in OEG 

as well (Miragall et al., 1994). Tight junctions can seal cells together to prevent leaking 

of small molecules or even fluid.  

 The differential expression of cadherins, integrins and tight junction proteins in 

cOEG compared to cSCs suggest that both cell types differ in their capability of adher-

ing to each other, to axons or to cells in their environment. These molecular differences 

could contribute to the difference in their interaction with astrocytes. The distinct reper-

toire of cell adhesion molecules expressed by OEG may govern the creation of growth-

permissive pathways for regenerating axons as proposed by Raisman and Li (Li et al., 

2005; Raisman and Li, 2007). 

     

GO-classes related to ‘growth and development’  

A number of the overrepresented GO-classes indicates properties of OEG related to cell 

growth, development and differentiation. These include ‘cell growth’ (GO:0016049), 

‘tissue development’ (GO:0009888), ‘neurogenesis’ (GO:0022008), ‘regulation of cell 

proliferation’ (GO:0042127), ‘muscle development’ (GO:0007517), ‘ureteric bud devel-

opment’ (GO:0001657), ‘growth cone’ (GO:0030426), ‘(insulin-like) growth factor 
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 binding’ (GO:0005520 and GO:0019838) and ‘growth factor activity’ (GO:0008083). 

The overrepresentation of growth-related GO-classes in cOEG compared to nOEG could 

be a result of the fact that cells are cultured, which will induce the expression of several 

genes involved in proliferation, apoptosis and cell homeostasis. However, growth-

related GO-classes were also overrepresented in cOEG compared to cSCs and may 

therefore point to differences in processes regulating cell growth or proliferation. Also 

the differential expression of insulin-like growth factor (IGF) binding proteins, IGF2 

and its receptor and several fibroblast growth factor receptors (Table 2) suggest different 

functions of these growth factors in cOEG, cSCs and nOEG.     

 Besides general growth-related GO-classes, there were a number of ‘neuron-

associated’ GO-classes, including the GO-classes ‘neurogenesis’ (GO:0022008), 

‘growth cone’ (GO:0030426), ‘synaptic transmission’ (GO:0007268), ‘neuron projec-

tion’ (GO:0043005) and ‘neuropeptide hormone activity’ (GO:0005184). In the cOEG-

nOEG comparison, these classes mainly included genes that were downregulated in 

cOEG. There are three possible explanations for the overrepresentation of ‘neuron-

associated’ GO-classes in the cOEG-nOEG comparison. First, the presence of neuronal 

messengers in the nOEG sample could be explained by the fact that neuronal mRNAs 

are transported by the primary olfactory neurons into the axons that are present in the 

ONL. This has been demonstrated for olfactory marker protein (OMP), a marker for 

adult primary olfactory neurons (Wensley et al., 1995). Indeed, OMP mRNA displayed 

a threefold downregulation in cOEG compared to nOEG to expression levels that were 

just above background level. Also the downregulation of some other genes in cOEG 

compared to nOEG, such as the dopamine receptor DA2, probably originates from the 

olfactory axons (Bonino et al., 1999; Nickell et al., 1991). Second, many genes belong-

ing to these ‘neuron-associated’ GO-classes are not specifically expressed in neurons 

(Supplementary table 6). For instance, genes like peripheral myelin protein, S100A4 and 

tropomodulin 2 are probably expressed by nOEG. Members of the solute carrier family 

were also present in these GO-classes and mainly downregulated in OEG during cultur-

ing (Table 2, Supplementary table 6), including solute carrier family 1 (glial high affin-

ity glutamate transporter) and solute carrier family 6 (GABA neurotransmitter trans-

porter). Members of the solute carrier family are known to be expressed by glia and are 

involved in the removal of excess neurotransmitters. Third, although the nerve layer was 

carefully dissected from the rest of the bulb, we can not disregard the possibility that the 

presence of some neuronal mRNA originate from contaminating juxtaglomerular cells. 

These cells are present just beneath the ONL and might have been occasionally in-

cluded. If this occurred at all, the amount of neuronal contamination is very low and the 

influence on the data would therefore be minimal. 

 Therefore, the overrepresented ‘neuron-associated’ GO-classes contain a number 

of genes from which the mRNAs probably originated from the olfactory axons, but the 
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 majority of genes is likely expressed by nOEG. Expression of neurotransmitter trans-

porters may indicate that nOEG in the inner olfactory nerve layer contribute to removal 

of neurotransmitters secreted from juxtaglomerular cells (Fields and Stevens-Graham, 

2002) and that they downregulate these genes after dissociation and culturing. 

  

Conclusion 

The current GO-overrepresentation analysis shows that cOEG, harvested at a time they 

would normally be prepared for transplantation in the injured spinal cord and have re-

generation-promoting properties, have molecular characteristics that are distinct from 

cSCs and nOEG. Although our observations predict a role of specific molecules ex-

pressed by cOEG in important aspects of tissue repair, we have as yet not demonstrated 

the function of potential key genes in restorative neurobiological processes. The transla-

tion of the present results to functional studies in cell or animal models will be the chal-

lenge for the future. A better understanding of the differential molecular properties of 

OEG and SCs may eventually be used to enhance the neuroregeneration-promoting 

characteristics of these cell types following transplantation in the injured spinal cord. 
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 Abstract 

Schwann cells (SCs) and olfactory ensheathing glia (OEG) have both been employed as 

cellular transplants to promote spinal cord repair. Both cell types support axonal regen-

eration and have beneficial effects on functional outcome. A significant difference how-

ever between SCs and OEG is the effect of these cell types on astrocytes (ACs), present 

in the neural scar. In contrast to OEG, which associate and intermingle with ACs, SCs 

and ACs form separate territories. Here, we show that OEG and SCs also interact differ-

ently with meningeal cells (MCs), another major cellular component of the neural scar. 

Whereas OEG intermingle with MCs in cocultures, SCs aggregate into well-defined cell 

clusters. Our data suggest that soluble factor(s) as well as direct cellular contact are in-

volved in the MC-induced SC clustering. Furthermore, the inability of SCs to mix with 

MCs is different from the previously reported segregation of SCs and ACs in coculture. 

The present results help to understand the differential behavior of both cell types after 

transplantation in the injured spinal cord and will be important to determine which cell 

has optimal capacities to render the scar more permissive for regeneration. 

 

 

Introduction 

Transplantation of Schwann cells (SCs) or olfactory ensheathing glia (OEG) has been a 

widely applied strategy to promote regeneration of the injured spinal cord. SCs have 

been a prime target cell for transplantation in the injured spinal cord for several decades 

(Bunge 1994; Duncan et al., 1981; Felts and Smith 1992; Gilmore 1971; Kromer and 

Cornbrooks, 1985; Li et al., 2007; Tuszynski et al., 1998). OEG were first transplanted 

in the spinal cord in 1994 (Ramon-Cueto and Nieto-Sampedro 1994). In their natural 

environment SCs and OEG support regeneration of peripheral nerves and primary olfac-

tory axons respectively (reviewed by Franssen et al., 2007; Frostick et al., 1998; Ramon-

Cueto and Avila 1998; Vincent et al., 2005). Transplantation of both cell types in rodent 

models of spinal cord injury resulted in a certain degree of functional recovery. The bio-

logical basis of the beneficial effects of SCs or OEG has been attributed to a reduction 

of the formation of cystic cavities, enhanced tissue sparing, axonal outgrowth and remy-

elination of axons (Baron-Van Evercooren et al., 1992; Li and Raisman 1994; Lu et al., 

2001; Paino et al., 1994; Ruitenberg et al., 2003; Sasaki et al., 2006).  

 A number of studies directly compared the efficacy of SC and OEG implantation. 

SCs as well as OEG have been reported as the most effective cell in promoting spinal 

cord repair (Akiyama et al., 2004; Barakat et al., 2005; Franklin and Barnett 1997; Imai-

zumi et al., 2000a; Imaizumi et al., 2000b; Pearse et al., 2007; Takami et al., 2002; 

Wewetzer et al., 2002). After SC implantation, axons extended into the SC graft, but 

were not able to re-enter the central nervous system at the distal graft/host boundary. 

Axonal regeneration across the distal graft-spinal cord interface was possible, when 
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 transplantation of SC-filled guidance channels was combined with implantation of OEG 

at the edges of the channels (Ramon-Cueto et al., 1998). OEG were initially reported to 

migrate extensively after implantation (Li et al., 1997; Ramon-Cueto and Nieto-

Sampedro 1994; Ramon-Cueto et al., 1998). More recent studies did, however, show 

that migration of OEG is confined to the area of transplantation. Furthermore, effects of 

these glial cells on long-distance axonal outgrowth were limited (Barakat et al., 2005; 

Collazos-Castro et al., 2005; Lu et al., 2006; Ramer et al., 2004b; Steward et al., 2006).  

 Damage to the spinal cord generally results in the formation of a glial scar, which 

is mainly composed of reactive astrocytes (ACs). When the injury also ruptures the 

meninges, meningeal cells (MCs) invade the lesion site and form an additional major 

cellular component of the scar. Transplanted OEG and SCs are thus confronted with 

ACs and MCs in the neural scar. There is one well-established difference between OEG 

and SCs, which involves a different reaction after cellular contact with ACs. At the dor-

sal root entry zone, the transition zone between the peripheral and central nervous sys-

tem, SCs and ACs form a well-defined boundary. When the glia limitans is disrupted, 

endogenous SCs migrate to a certain extent into the central nervous system. In contrast 

to SCs, OEG in the olfactory system are not so strictly separated from ACs. In the inner 

olfactory nerve layer, OEG interweave with astrocytic processes (Li et al., 2005a; Li et 

al., 2005b). These in vivo interaction differences also become apparent in culture. When 

SCs are cocultured with ACs, both cell types segregate into separate territories and in 

confrontation assays, a barrier is formed between both cell types (Ghirnikar and Eng 

1994; Wilby et al., 1999). OEG and ACs are able to mix with each other (Lakatos et al., 

2000). SCs, but not OEG, induced hypertrophy of ACs in culture and after implantation. 

SCs enhanced expression of glial fibrillary acidic protein (GFAP) and growth-inhibitory 

chondroitin sulphate proteoglycans (CSPGs) in ACs (Lakatos et al., 2003; Lakatos et al., 

2000; Ramer et al., 2004a). The tendency of SCs to form boundaries with ACs is a gen-

erally recognized limitation of SCs since axonal regeneration occurs within but not be-

yond the SC graft (Carlstedt, 1997; Golding et al., 1997; Grimpe et al., 2005). Knowl-

edge of the biological factors that determine how OEG and SCs interact with cells that 

form the scar is essential in deciding which cell has optimal capacities to render the scar 

more permissive for regeneration. 

 A number of molecules have been implicated in the different interaction of OEG 

and SCs with ACs. Degradation of CSPGs resulted in more SC migration into AC terri-

tory. The expression of CSPGs by ACs thus actively contributes to the impairment of 

SC-migration (Grimpe et al., 2005). Furthermore, the interaction between SCs and ACs 

was mediated by the expression of the cell adhesion molecule N-cadherin (Wilby et al., 

1999). Inhibiting the function of N-cadherin resulted in increased SC migration on ACs 

(Fairless et al., 2005; Wilby et al., 1999). OEG do express N-cadherin at similar levels 

as SCs (Lakatos et al., 2000), but silencing N-cadherin in OEG did not have an effect on 



CHAPTER 4 

116 

 OEG-AC interaction. This indicated that not N-cadherin per se, but different N-cadherin 

signaling pathways in OEG and SCs play a role in their interaction with ACs (Fairless et 

al., 2005). Other molecules, which were proposed to mediate boundary formation were 

heparin sulphate proteoglycans (HSPGs), fibroblast growth factor (FGF) family member 

FGF2 and FGF receptor 1. A different HSPG expression profile in OEG and SCs may 

result in different FGF2-FGF receptor 1 signaling, which might be involved in the in-

duction of a stress response in ACs (Santos-Silva et al., 2007). 

 In this study we show that OEG and SCs also differ in their interaction abilities 

with MCs. Whereas OEG intermingled with MCs, SCs strongly aggregated in cocultures 

with MCs. Our data suggest that the inability of SCs to intermingle with MCs is differ-

ent from the previously reported intermingling failure of SCs with ACs. Distinct interac-

tion properties of OEG and SCs with one of the principal cellular components of the 

neural scar have important implications for the interpretation of the behavior of both cell 

types after implantation. This knowledge is important for our efforts to improve the ef-

fects of cellular transplants in spinal cord repair. 

 

 

Materials and Methods 

Cell culture 

OEG, SC and MC cultures were prepared from inbred adult female Fischer F344 rats 

(Harlan, The Netherlands). OEG were obtained from the olfactory bulb. After careful 

removal of the meninges, the olfactory nerve layers and glomerular layers (ONGL) were 

dissected away from the rest of the bulb. The ONGL were incubated with 0.1% trypsin 

(Invitrogen) for 10 min at 37˚C. Trypsinisation was stopped by adding Dulbecco’s 

modified Eagle’s/Ham’s F12 medium (DMEM/F12, Invitrogen), supplemented with 

10% fetal calf serum (FCS; Invitrogen)) and 1% penicillin/streptomycin (PS; Invitrogen) 

(DF-10S). The suspension was then triturated in DF-10S and cells were plated in DF-

10S in four poly-L-lysine (PLL)-coated 25 cm2 flasks. After 1 week, OEG cultures were 

purified from contaminated cells by immunopanning, as described previously (Ramon-

Cueto et al., 1998). Briefly, 100 mm Petri dishes were incubated with 1:1000 anti-mouse 

IgG, Fc-specific (Jackson) at 4˚C overnight. After several washes, dishes were incubated 

at 4˚C overnight with p75 monoclonal antibody (gift of Dr. P Wood) diluted 1:2.5 in 

phosphate-buffered saline (PBS; pH 7.3). Dishes were washed, incubated with 0.5% 

bovine serum albumin (BSA; Roche) in PBS for 1 hour at room temperature and washed 

again. Cells were seeded onto three antibody-coated dishes and left for 5 min at 37˚C. 

Unbound cells were removed from the dishes by washing three times with DMEM/F12. 

Bound cells were dislodged from the dishes by using a cell scraper and seeded onto two 

other antibody-coated dishes. As before, dishes were left for 5 min at 37˚C, unbound 
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 cells were washed away and bound cells were scraped off and seeded onto two PLL-

coated 25 cm2 flasks. After two days, medium was changed in DF-10S containing 2 µM 

forskolin (Sigma-Aldrich) and 20 µg/ml pituitary extract (Sigma-Aldrich).  

 SCs were isolated from sciatic nerves as described before (Morrissey et al., 

1991). In short, epineurial sheaths were stripped off from the nerves. Nerve pieces were 

cut into small explants and placed into 35 mm dishes containing 750 µl DMEM 

(Invitrogen), supplemented with 10% FCS and 1% PS (D-10S). To remove fibroblasts 

that migrate out of the nerve pieces onto the dishes, explants were transferred to new 

dishes every week. After approximately 5 weeks, explants were incubated in D-10S con-

taining 1,25 U/ml dispase (Roche) and 0.05% collagenase (Invitrogen) overnight at 

37˚C. Explants were dissociated and SCs were seeded onto PLL-coated 35 mm dishes in 

D-10S containing 2 µM forskolin and 20 µg/ml pituitary extract.      

 MCs were isolated from the meninges covering the olfactory bulbs. Meninges 

were incubated in HBSS, containing 0.125% trypsin, 0.5 mM EDTA and 0.25% colla-

genase for 45 min at 37 ˚C in 5% CO2. Trypsinisation was stopped by adding D-10S. 

Meninges were centrifuged, resuspended in D-10S and triturated until a homogeneous 

cell suspension was obtained. Cells were seeded onto a PLL-coated 6 cm dish. 

 ACs were obtained from the cortices of 1 or 2-day-old Fischer rat pups (Harlan, 

The Netherlands). After careful removal of the meninges, cortices were incubated in 

HBSS, containing 0.125% trypsin and 0.5 mM EDTA for 30 min at 37˚C. D-10S was 

added to stop the trypsinisation. Tissue was centrifuged, resuspended in D-10S and tritu-

rated. Cells were seeded onto PLL-coated 25 cm2 flasks.        

 

Interaction assays 

Coculture assays and confrontation assays were performed as described elsewhere 

(Lakatos et al., 2000) with some modifications. For the coculture assays, OEG and SCs 

were mixed with either MCs or ACs (1:1) and plated on PLL-coated coverslips at a total 

density of 1.0 x 105 cells/well in D-10S containing 2 µM forskolin and 20 µg/ml pitui-

tary extract. In the cocultures of SCs and ACs contaminated with MCs, ACs and MCs 

were first mixed (1:1). AC-MC mixtures were then cocultured with SCs at a total den-

sity of 1.0 x 105 cells/well. Cocultures were fixed with 4% paraformaldehyde (PFA) for 

20 min at 1, 2 and 5 days after plating. 

 For the confrontation assays, SCs were plated in a drop of ca. 15 µl, containing 

2.0 x 105 cells/ml or 1.2 x 106 cells/ml, on PLL-coated coverslips. MCs were plated in 

another drop, containing 2.0 x 105 cells/ml or 1.2 x 106 cells/ml, directly adjacent to the 

drop of SCs on the same coverslip. After 4 hours, unattached cells were removed by 

washing with medium and cells were maintained in DF-10S, containing 2 µM forskolin 

and 20 µg/ml pituitary extract. The different cell types were allowed to reach each other. 

Five days after confrontation, cultures were fixed with 4% PFA for 20 min.  
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Conditioned medium assay     

SCs were plated on coverslips at a density of 1.0 x 105 cells/well. When a confluent 

monolayer was formed, medium was replaced with conditioned medium from MCs, 

which was collected from the MC cultures a few days after medium change. Condi-

tioned medium was briefly centrifuged to remove any contaminating cells that might be 

present. 

 

Immunocytochemistry 

For immunocytochemistry, fixed cells were rinsed and blocked for 30 min in PBS con-

taining 0.1% Triton X-100 and 2% FCS (PBS-TS). Cells were incubated with the pri-

mary antibody in PBS-TS for 2 hours at room temperature, washed with PBS and incu-

bated with a Cy2 or Cy3-labeled secondary antibody (1:400; Jackson) in PBS-TS. Cov-

erslips were washed and mounted in mowiol. The following primary antibodies were 

used: p75 mAb (undiluted, gift of Dr. P Wood), p75 mAb (1:50, Chemicon), S100 pAb 

(1:600, Dako), GFAP pAb (1:800, Dako) and fibronectin pAb (1:100, Chemicon). Im-

ages were captured using fluorescence microscopy and confocal laser scanning micros-

copy.     

  

Quantification of cell clusters 

Cell cluster formation was quantified using the Morphology Bioapplication on the Ki-

neticScan High Content Screening (HCS) Reader (Cellomics). Cocultures, as described 

above, were set up in PLL-coated 96-wells plates. OEG and SCs were mixed with either 

MCs or ACs (1:1) and plated at a total density of 1.7 x 104 cells/well. At 1, 2 and 5 days 

after plating, cocultures were fixed with 4% PFA. Images were acquired using anti-S100 

immunofluorescence. In an automated fashion, the complete surface area of each well 

Figure 1 Cocultures of SCs or OEG with MCs after 5 days in coculture. A. In cocultures of SCs and 

MCs, SCs were organized as cell clusters. P75, red; fibronectin, green. B. In cocultures of OEG and 

MCs, OEG were intermingled with MCs. S100, red; fibronectin, green. Scalebar = 250 µm. 
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 was imaged in 9 non-overlapping fields. Using the Cellomics Morphology Bioapplica-

tion, cell clusters in each field were automatically outlined and the area of each cluster 

was determined. Parameters of the bioapplication were set before starting each screen by 

visually inspecting the results after running the algorithm and parameters were adjusted 

if necessary to trace clusters accurately. For each condition, five wells were measured. 

Total cluster area per well was calculated by adding up all measured cluster areas per 

well. Total cluster area per condition was the average of five wells. Experiments were 

repeated three times. 

 

 

Results 

Schwann cells form clusters when cocultured with meningeal cells 

The behavior of SCs and OEG in the presence of MCs was investigated in coculture 

assays. At one day after plating, coculturing either SCs or OEG with MCs resulted in a 

confluent monolayer consisting of a mixture of both cell types. After 2 to 3 days, SCs 

Figure 2 Quantification of cluster formation at 5 days after coculture. A. In SC-MC cocultures, total 

cluster area increased in time, whereas the total cluster area in OEG-MC cocultures remained low. 

B. Representative pictures after outlining the cell clusters in SC-MC cocultures (left) and OEG-MC 

cocultures (right) using the Cellomics Morphology Bioapplication. Valid cell clusters were outlined 

with a blue line. Invalid clusters were traced with an orange line. Scalebar = 250 µm. 



CHAPTER 4 

120 

 

began to form small segregations, which eventually resulted in clearly visible cell clus-

ters at 5 days after plating (Fig. 1A). MCs were organized as a confluent monolayer with 

the SC clusters situated on top of this monolayer. In contrast to SCs, OEG remained 

intermingled with MCs throughout the 5 day coculture period (Fig. 1B). Cluster forma-

tion was quantified by measuring the total cluster area. The total cluster area gradually 

increased in SC-MC cocultures, but remained low in the OEG-MC cocultures (Fig. 2).  

 

Schwann cell cluster formation is dependent on the presence of meningeal cells and 

does not occur in cocultures with pure astrocytes 

To compare the effect of MC-induced cluster formation of SCs with the previously re-

ported failure of SCs and ACs to intermingle, cocultures were prepared of SCs and ACs. 

In coculture with pure ACs, SCs did not aggregate and remained dispersed among the 

ACs (Fig. 3A). In pure AC cultures, ACs did display a reactive phenotype in the pres-

ence of SCs as demonstrated by their fibrous morphology and the formation of intensely 

GFAP-positive long cytoplasmic processes (Fig. 3B). Thus, SCs induce a hypertrophic 

phenotype in ACs and do not form clusters in pure AC cultures as shown previously 

(Ghirnikar and Eng 1994). When AC cultures also contained MCs, SC clusters were 

formed comparable to the SC clusters that were formed in cocultures with pure MC 

(Fig. 3B,C). Thus, cluster formation of SCs is dependent on the presence of MCs. 

Figure 3 Cluster formation of SCs is induced by MCs and not by ACs. A. SCs did not form clusters 

when cocultured for 5 days with pure ACs. B. ACs responded to the presence of SCs by demonstrat-

ing a reactive phenotype and by strongly expressing GFAP. C, D. When SCs were cocultured with a 

mixture of ACs and MCs, SC clusters were formed after 5 days. MCs in these cultures were visual-

ized by staining for fibronectin (C) and ACs were visualized by staining for GFAP (D). S100, red; 

GFAP (green; A, B, D); fibronectin (green; C), Hoechst, blue. Scalebar, 250 µm (A, C, D); 100 µm 

(B). 
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 Conditioned medium from meningeal cells influences Schwann cell organization  

To determine whether a soluble factor secreted by MCs was involved in the induction of 

SC clusters, conditioned medium from the MCs was added to SC and OEG cultures. A 

few days after adding conditioned medium, SCs aligned themselves and formed typical 

strands of cells. Also, some cell clusters could be distinguished (Fig. 4A,B). Occasion-

ally, SCs organized themselves into very large groups, which were interconnected by a 

few long cytoplasmic protrusions of SCs (Fig. 4C,D,E). No changes in cellular arrange-

ment were observed after adding conditioned medium of MC to OEG (Fig. 4F,G). 

 

Schwann cells and meningeal cells do not form a boundary following cellular contact  

The underlying process of SC cluster formation was further characterized in confronta-

tion assays. These assays were performed with either SCs and MCs or OEG and MCs. 

Figure 4 Effect of MC-conditioned medium on SCs. A. Normal SC-culture in which SCs were pre-

sent as either individual cells or in small cell groups evenly distributed over the culture plate. B. SC 

culture after adding MC-conditioned medium. The SCs were rearranged into striations with some 

clusters. C-E. Some large cell groups were interconnected by cytoplasmic extensions (arrows), 

which in some cases were very thin and elongated (E). SCs are stained for S100. F. Normal OEG-

culture. G. OEG culture after adding MC-conditioned medium. OEG are evenly distributed over the 

culture plate similar to the control OEG culture. Scalebars, 250 µm (A, B); 50 µm (D); 100 µm (C, 

E); 250 µm (F, G). 
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Figure 5 Confrontation assays of SCs or OEG and MCs. One drop containing either SCs or OEG 

was plated on a coverslip directly adjacent to a drop containing MCs. Both cell types were allowed 

to reach each other and cultures were stained at five days after confrontation. A. At the interface 

between SCs and MCs, SCs often elongated in strands onto the MC monolayer. P75, red; fi-

bronectin, green. B. OEG intermingled with MCs at the interface and never demonstrated long 

strands on the MCs as was observed with SCs. S100, red; fibronectin, green. C. At higher cell densi-

ties, SCs formed cell clusters at the border with MCs. P75, red. D. SC clusters are exclusively 

formed at the boundary between both cell types. P75, red. Scalebars, 250 µm (A, B); 500 µm (C); 

1000 µm (D).  

Both cell types were plated separately in two drops containing 2.0 x 105 cells/ml and left 

to grow towards each other for approximately one week. The results showed that five 

days after the initial cell contact, OEG and MCs were mixed at the interface and cells 

were situated on top and in between each other. In several SC-MC confrontation assays 

however, groups of SCs formed in strands on top of the MC monolayer at the interface 

(Fig. 5A). This was not observed in the confrontation assays between OEG and MC 

(Fig. 5B). Furthermore, the effects following cellular contact between SCs and MCs 

appeared to be dependent on the cell density. At a higher cell concentration of 1.2 x 106 

cells/ ml, clear SC clusters could be observed at the interface (Fig. 5C). Cell clusters 

were exclusively formed at the location of cellular contact and not in the center of the 

SC area (Fig. 5D).  

 In conclusion, SCs differed from OEG in confrontation assays in the formation of 

cellular strands that stretched out from the SC monolayer and elongated on top of the 

MCs. At higher cell concentrations, SC clusters were formed exclusively at the site of 

confrontation of both cell types. The exclusive formation of clusters at the interface may 

be caused by an increasing gradient of soluble factor at this border. Alternatively, these 
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 results may suggest that, in addition to a soluble factor, direct cellular contact with MCs 

mediates the formation of SC strands and clusters. 

 

 

Discussion 

In this study, we have shown that SCs and OEG interact differently with MCs. Whereas 

SCs formed clusters when cultured together with MCs, OEG were able to intermingle 

with MCs and formed no or very small clusters. The effects of MC-conditioned medium 

on SCs indicated that a soluble factor is involved in the formation of SC clusters in the 

presence of MCs. In addition, SC strands and clusters at the interface in the confronta-

tion assays with MCs suggest that these effects may also be mediated by cellular con-

tact. 

 Our observations suggest that the inability of SCs to mix with MCs is mediated 

by another cellular process than the previously reported failure of SCs to intermingle 

with ACs (Ghirnikar and Eng, 1994; Lakatos et al., 2000; Wilby et al., 1999). First, SCs 

did not form cell clusters when cocultured with pure ACs, but SCs aggregated when 

MCs were also added to the cocultures. This showed that the cluster formation of SCs is 

dependent on the presence of MCs. Second, the behavior of SCs and MCs at the inter-

face in the confrontation assays was different from the sharp boundary formation in con-

frontation assays between SCs and ACs (Lakatos et al., 2000; Wilby et al., 1999). Third, 

the failure of SCs and ACs to intermingle presumably involved an effect of SCs on ACs, 

since ACs become hypertrophic after making contact with SCs. SC clustering in the SC-

MC cocultures obviously entailed an effect of the MCs on the SCs. This was supported 

by the observation that MC-conditioned medium also induced SC aggregation. Condi-

tioned medium from SCs did not have an effect on ACs (Ghirnikar and Eng, 1994), 

which implicated that cellular contact is required for the observed effects in SC-AC co-

cultures.  

 Although we observed an induced hypertrophy of ACs in the mixed cultures of 

SCs and ACs, which corroborates the literature (Ghirnikar and Eng 1994; Lakatos et al., 

2000), we did not notice the previously described exclusive SC and AC territories in the 

SC-AC cocultures. In our cocultures, SCs and ACs do intermingle. This could be ex-

plained by methodological differences. First, in contrast to previous studies, in which 

the cocultures consisted of more ACs than SCs, our cultures contained equal amounts of 

both cell types. Second, we monitored the cultures for 5 days whereas segregation of 

cell types was observed at 2-3 weeks after coculturing. Third, in contrast to the previous 

studies, we used forskolin in the cocultures. However, we also observed the formation of 

SC clusters in cocultures without forskolin (data not shown). 
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  Different cellular characteristics of MCs and ACs could underlie the different 

effects in the cocultures with SCs. The previously demonstrated SC-AC segregation 

reflects the epithelial properties of both cell types. It was hypothesized that the observed 

barrier formation mimicked the formation of the basal lamina (Franklin and Blakemore, 

1993). The basal lamina is usually formed by epithelial cells, as part of the basement 

membrane, to separate different tissues. MCs do not have these epithelial characteristics, 

which could underlie the different effects. Furthermore, MCs do not express N-cadherin, 

in contrast to ACs (Shearer and Fawcett, 2001). N-cadherin was shown to be involved in 

the prolonged adhesive contacts between SCs and ACs, which diminished the SC-

migration over ACs (Fairless et al., 2005; Wilby et al., 1999).  

 In SC-MC cocultures, MCs induced clustering of SCs. Three cellular mecha-

nisms could be involved in this process. First, SCs may be repulsed by the presence of 

MCs, which forces the SCs to form clusters. Second, SC motility could be interpreted as 

active migration, induced by MCs. In the demyelinated spinal cord, MCs are known as a 

migration-promoting substrate for SCs, since transplanted SCs are found to migrate 

along the meninges (Baron-Van Evercooren et al., 1992) and also in culture, SCs mi-

grated on a MC monolayer almost as far as on skin fibroblasts or a laminin substrate 

(Wilby et al., 1999). A third potential mechanism is an enhanced mutual attraction or 

adherence of SCs. In particular the effects of MC-conditioned medium on SCs could be 

explained by this process. Increased SC-SC adherence could explain the formation of 

cell clusters and it may occur in combination with either repulsive or migratory effects. 

SCs are known to tightly adhere to each other, even stronger than to ACs (Wilby et al., 

1999). The long cytoplasmic extensions of SCs interconnecting different cell clusters 

may also implicate that SCs firmly attach to other SCs and that these adherence points 

remain while the cell body moves away.  

 Cultured SCs do avoid substrates containing the chemorepulsive protein sema-

phoring 3A (Sema3A) (Kaneko et al., 2006). MCs express Sema3A in the neural scar 

(De Winter et al., 2002) and in culture (Niclou et al., 2003) and therefore MCs may have 

a repulsive effect on SCs, which becomes visible as SC aggregation. In addition to Se-

ma3A, other members of the semaphorin family may be involved. The receptors for 

semaphorins are formed by a complex of plexins and neuropilins. We are currently in-

vestigating the role of the semaphorin receptors neuropilin 1 (NP-1) and neuropilin 2 

(NP-2) in SC clustering after coculturing them with MCs. In the first preliminary experi-

ments we found that silencing NP-2, which is a co-receptor for secreted semaphorins 

except Sema3A, resulted in a loss of cluster formation. This strongly indicated that one 

or more members of the semaphorin family, secreted by MCs, play a role in SC cluster 

formation and/or that NP-2 is of essential importance in enhanced SC-SC adherence. 

Interestingly, NP-2 has been associated before with SC adherence and columnar aggre-

gation (Ara et al., 2005). Eliminating NP-2 activity reduced the parallel orientation of 
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 SCs. Since NP-2 was also upregulated in SCs after peripheral nerve crush (Scarlato et 

al., 2003), it was proposed that the formation of SC columns reflected the assembly of 

the bands of Büngner. Interestingly, Sema3A and Sema3F were also upregulated after 

peripheral nerve crush and Sema3F was mainly expressed by fibroblasts (Scarlato et al., 

2003). Class 3 semaphorin signaling may play a role in mediating SC migration, adher-

ence and tubular structure reformation after peripheral nerve crush (Ara et al., 2004; Ara 

et al., 2005).  

 According to this hypothesis, cluster formation in our cocultures may be a reflec-

tion of the formation of the bands of Büngner. The observation of strands of SCs on top 

of the MCs in the confrontation assays may support this hypothesis. MCs might resem-

ble peripheral nerve fibroblasts in the secretion of similar factors, such as for example 

class 3 semaphorins and cluster formation of SCs may be mediated by NP-2. However, 

we used forskolin in our assays and it was demonstrated that NP-2 expression in SCs 

was downregulated by forskolin (Ara et al., 2005). This could implicate that the pres-

ence of MCs induces the expression of NP-2 in SCs. We are currently investigating this 

hypothesis.  

 Although we do not have in vivo evidence yet, migration and perhaps also refor-

mation of bands of Büngner might be stimulated by MCs after transplantation as well. If 

SCs would be able to migrate and align into columns in the spinal cord after injury, ax-

onal regeneration would presumably follow the migrating SCs, comparable to what hap-

pens after peripheral nerve injury. However, this process appears to be compromised, 

potentially because of the strong adherence of SCs to ACs. OEG on the other hand do 

intermingle with both ACs and MCs. OEG do not demonstrate a strong cellular adher-

ence to scar cells and OEG do not cause any hyperactivity of ACs. However, OEG do 

not demonstrate strong migratory properties and do not form strands. We therefore be-

lieve that a promising strategy to improve the effects of OEG transplantation might be to 

identify the molecular mechanisms underlying the different interaction behavior of OEG 

and SCs with MCs. This knowledge could be used to enrich the OEG with the migration 

and alignment properties of SCs to improve the regeneration-promoting effects of OEG.  
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 Abstract 

Olfactory ensheathing glia (OEG) support neuroregeneration in the primary olfactory 

system and after transplantation into the injured spinal cord. To provide more insight 

into the molecular mechanisms underlying the regeneration-promoting properties of 

OEG, two large scale gene expression studies were performed on OEG in the regenerat-

ing olfactory system and on cultured OEG and cultured Schwann cells (SCs). In the pre-

sent study, a group of 60 target genes derived from these two studies was selected. A 

role in stimulating neurite outgrowth was examined for 52 of these target genes using 

siRNA-mediated knockdown of their expression. In addition, 14 target genes were ex-

amined for their putative role in the differential interaction behavior of OEG and SCs 

with meningeal cells (MCs) in a cluster assay. We show effects of 7 genes in the out-

growth assay and of 2 genes in the cluster assay. These genes are potentially involved in 

the neurite outgrowth-stimulating properties of OEG and in the different interaction ef-

fects of OEG and SCs with MCs.  

 

 

Introduction 

In contrast to the central nervous system, the primary olfactory nervous system is able to 

recover from traumatic or toxin-induced injury. Following a lesion, new primary olfac-

tory neurons are formed from a compartment of stem cells in the basal region of the ol-

factory neuroepithelium (Farbman 1990; Graziadei and Graziadei 1979; Harding et al.,, 

1977) and the newly formed primary olfactory neurons are extending axons towards the 

olfactory bulb (Doucette et al., 1983; Graziadei and Graziadei 1979; Graziadei et al., 

1978). As soon as the axons enter the lamina propria, they become ensheathed by olfac-

tory ensheathing glia (OEG) (Barber and Lindsay 1982; Doucette 1990). In the olfactory 

nerve layer (ONL), OEG facilitate the entrance of olfactory axons into the central nerv-

ous system and support axonal growth towards the glomeruli where synaptic connec-

tions are formed with second order neurons.  

 Cultured OEG support neurite outgrowth of primary olfactory neurons (Kafitz 

and Greer 1999; Ramon-Cueto et al., 1993) and of other types of neurons, including 

dorsal root ganglion neurons, cortical neurons, cerebellar granule neurons and retinal 

ganglion cells (Au et al., 2007; Chung et al., 2004; Leaver et al., 2006; Sonigra et al., 

1999; Van Den Pol and Santarelli 2003). A number of molecules have been implicated 

in the regeneration-promoting effects of OEG. OEG express neurotrophic growth fac-

tors, including nerve growth factor, brain derived neurotrophic factor, glial cell line-

derived neurotrophic factor and ciliary neurotrophic factor (Boruch et al., 2001; Lipson 

et al., 2003; Wewetzer et al., 2001; Woodhall et al., 2001). OEG express a number of 

cell adhesion molecules and extracellular matrix proteins that may contribute to a 

growth-supportive environment, including L1, N-CAM, fibronectin, laminin and colla-
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 gen type IV (Doucette 1996; Kafitz and Greer 1997; Miragall et al., 1988). In addition, 

matrix metalloproteinase 2 (MMP2) was recently identified to play a role in the neurite 

outgrowth-promoting properties of OEG (Pastrana et al., 2006).  

 Since OEG support axonal growth in the olfactory system and in culture, the ca-

pacity of OEG to stimulate regeneration in the lesioned spinal cord following transplan-

tation was studied extensively. Transplanted OEG promote axonal sprouting and sparing 

of both descending and ascending axons and they are able to remyelinate axons (Li et 

al., 1997; Ramon-Cueto et al., 2000; Ramon-Cueto et al., 1998; Sasaki et al., 2006; 

Smith et al., 2002). Furthermore, OEG reduce the formation of cystic cavities and they 

promote angiogenesis (Plant et al., 2003; Ramer et al., 2004; Ruitenberg et al., 2005). 

The beneficial effects of OEG transplants on neuroregeneration in the injured spinal 

cord also became evident as these transplants promote a certain degree of functional 

recovery. 

 Schwann cells (SCs) also promote axonal sprouting after transplantation and are 

able to remyelinate axons (Baron-Van Evercooren et al., 1992; Felts and Smith 1992; 

Kromer and Cornbrooks 1985; Li and Raisman 1994; Paino et al., 1994; Takami et al., 

2002). However, OEG and SCs differ in their interaction behavior with the two main 

cellular components of the neural scar, astrocytes (ACs) and meningeal cells (MCs). In 

contact with SCs, ACs become hypertrophic and show an increased expression of 

growth-inhibitory chondroitin sulphate proteoglycans (CSPGs) in vitro and in vivo 

(Garcia-Alias et al., 2004; Lakatos et al., 2003; Takami et al., 2002). SCs and ACs are 

unable to mix and the interface of both cell types forms a barrier for regrowing axons 

(Carlstedt 1997; Golding et al., 1997; Lakatos et al., 2000). In contrast to SCs, OEG 

associate freely with ACs without inducing hypertrophy (Lakatos et al., 2000). In addi-

tion to ACs, OEG and SCs also respond differently to cellular contact with MCs 

(Chapter 4). Whereas OEG are able to intermingle with MCs, SCs aggregate and form 

distinct cell clusters when cocultured with MCs. The distinct interaction behavior of 

OEG and SCs with scar tissue cells may have important implications for the interpreta-

tion of the effects of both cell types after implantation. It will therefore be important to 

elucidate the molecules responsible for the distinct interaction behavior of OEG and SCs 

with scar tissue cells in order to improve the effects of cellular transplants. A number of 

proteins have been implicated in the interaction difference of OEG and SCs with ACs. 

These include the cell adhesion molecule N-cadherin, CSPGs and heparin sulphate pro-

teoglycans (HSPGs) (Fairless et al., 2005; Grimpe et al., 2005; Santos-Silva et al., 2007; 

Wilby et al., 1999). Inhibiting the function of N-cadherin as well as degrading CSPGs 

resulted in more SC-AC intermingling.   

 In the present study, we used two gene expression data sets to identify genes in-

volved in the neurite outgrowth-promoting properties of OEG and in the different inter-

action behavior of OEG and SCs with MCs. The first data set was based on the differen-
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 tial gene expression of OEG in the ONL at different time points after lesioning the ol-

factory epithelium (Chapter 2). The second data set was based on the differential expres-

sion between cultured OEG (cOEG), cultured SCs (cSCs) and nOEG (Chapter 3). We 

selected 178 target genes that exhibited interesting expression changes in the microarray 

experiments and that are, based on literature research and gene ontology analysis, poten-

tially involved in ‘the stimulation of neurite outgrowth’ and ‘the interaction behavior 

with MCs’. Two bioassays, an outgrowth assay and a cluster assay, were established in 

96-wells plate format. By using siRNA-mediated knockdown analysis and the Cellom-

ics’ High Content Screening platform, we employed medium-throughput functional 

analysis of an initial set of 60 target genes. We show effects of 7 genes in OEG-

mediated stimulation of neurite outgrowth and of 2 genes in cluster formation of SCs.  

 

 

Material and Methods 

Cell cultures 

For each culture, 4 inbred adult female Fischer F344 rats (Harlan, The Netherlands) 

were deeply anesthetized with CO2 and decapitated. Cultures of OEG, SCs and MCs 

were prepared from the same rats as follows.  

 Olfactory ensheathing glia. OEG were obtained from the olfactory nerve and 

glomerular layers (ONGL) of the olfactory bulb. Meninges were carefully removed from 

the olfactory bulb and used for the MC cultures. ONGLs were isolated and incubated in 

Ca2+- and Mg2+- free Hanks’ buffered salt solution (HBSS; Invitrogen) containing 0.1% 

trypsin (Invitrogen) for 10 min at 37˚C. Trypsinisation was stopped by adding Dul-

becco’s modified Eagle’s/Ham’s F12 medium (DMEM/F12, Invitrogen), supplemented 

with 10% fetal calf serum (FCS; Invitrogen)) and 1% penicillin/streptomycin (PS; Invi-

trogen) (DF-10S). The tissue was washed in DF-10S and triturated in 4 ml DF-10S until 

a homogeneous cell suspension was obtained. Cells were plated in DF-10S in four poly-

L-lysine (PLL)-coated 25 cm2 flasks. After 1 week, p75-positive OEG were purified 

from the cultures by immunopanning, as described previously (Ramon-Cueto et al., 

1998). Briefly, 100 mm Petri dishes were incubated with 1:1000 anti-mouse IgG, Fc-

specific (Jackson) at 4˚C overnight. After several washes with phosphate-buffered saline 

(PBS), dishes were incubated at 4˚C overnight with p75 monoclonal antibody (gift of 

Dr. P Wood) diluted 1:2.5 in PBS (pH 7.3). Dishes were washed and incubated with 

0.5% bovine serum albumin (BSA; Roche) in PBS for 1 hour at room temperature and 

washed again. Cells were seeded onto three antibody-coated dishes and left for 5 min at 

37˚C. Unbound cells were removed by washing three times with DMEM/F12. Bound 

cells were scraped off from the dishes and seeded onto two other antibody-coated 

dishes. Incubation on antibody-coated dishes was repeated to diminish the number of 
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 contaminating cells. Purified cultures were plated on two PLL-coated 25 cm2 flasks. 

After two days, medium was changed in DF-10S containing 2 µM forskolin (Sigma-

Aldrich) and 20 µg/ml pituitary extract (PEX; Sigma-Aldrich).  

 Schwann cells. SCs were obtained from sciatic nerves as described before 

(Morrissey et al., 1991). In short, epineurial sheaths were removed from the nerves. 

Nerves were cut into small explants and placed into 35 mm dishes containing 750 µl 

DMEM (Invitrogen), supplemented with 10% FCS and 1% PS (D-10S). Once a week, 

explants were transferred to new dishes to remove migratory fibroblasts. After approxi-

mately 5 weeks, explants were incubated in D-10S containing 1,25 U/ml dispase 

(Roche) and 0,05% collagenase (Invitrogen) overnight at 37 ˚C. Explants were dissoci-

ated and SCs were seeded onto PLL-coated 35 mm dishes in D-10S containing 2 µM 

forskolin and 20 µg/ml PEX.      

 Meningeal cells. MCs were obtained from the meninges covering the olfactory 

bulbs. As described above the meninges were carefully removed from the olfactory 

bulbs and were incubated in HBSS, containing 0.125% trypsin, 0.5 mM EDTA and 

0.25% collagenase for 45 min at 37˚C in 5% CO2. Trypsinisation was stopped by adding 

D-10S. Tissue was triturated until a homogeneous cell suspension was obtained. MCs 

were seeded onto a PLL-coated 6 cm dish. 

 Dorsal root ganglion neurons. Dorsal root ganglia (DRG) were dissected from 

E15 Wistar rat embryos. All internal organs were removed from the embryos and the 

vertebral column was cut ventrally to expose the spinal cord. The spinal cord including 

all DRGs was carefully raised and removed from the embryo. DRGs were detached 

from the spinal cord, stripped from nerve roots and incubated in 500 µl HBSS, contain-

ing 0.125% trypsin for 30 min at 37˚C. Trypsinisation was stopped by adding an equal 

volume of DF-10S. Cells were triturated and washed with DF-10S. 

 

Approach 1: Gene expression analysis of the olfactory nerve layer after injury 

Gene expression changes in the ONL after lesioning the olfactory epithelium was ana-

lyzed using microarrays as described in chapter 2 of this thesis. In short, adult female 

Fischer F344 rats (Harlan, The Netherlands) were subjected to an intranasal infusion of 

50 µl 0.7% Triton X-100 solution in phosphate buffer (pH 7.4). Animals were sacrificed 

at 1, 3, 6, 10, 15, 20, 30 and 60 days after the lesion. Non-lesioned animals were in-

cluded as control (=day 0). Olfactory bulbs were isolated and cut into 400 µm thick 

slices, from which the ONL was manually dissected. RNA was isolated from the ONLs 

with the Rneasy mini kit (Qiagen) according to the manufacturer's protocol. RNA from 

5 animals per time point was pooled, amplified and labeled with Cy3-CTP and Cy5-CTP 

using the Agilent Low RNA Input Fluorescent Linear Amplification kit (5184-3523) 

according to the manufacturer’s guidelines. Hybridization was performed on Agilent Rat 

60-mer Oligo Microarrays (G4130A, Agilent Technologies), according to the scheme in 
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 Figure 1 of Chapter 2. Microarrays were scanned with an Agilent microarray scanner 

and Agilent Feature Extraction software was used to extract the intensity data.    

  

Approach 2: Gene expression analysis of cultured OEG 

Microarray analysis of cultured OEG was performed as described previously (Franssen 

et al., 2007, chapter 3 of this thesis). Briefly, total RNA was isolated from cOEG, cSCs 

and nOEG using the RNeasy mini kit (Qiagen) according to the manufacturer’s proto-

col. cOEG were harvested at 3.5 weeks in culture and cSCs at 2 weeks after dissociation 

of explants. ONLs were manually dissected from 400 µm thick sagittal sections of the 

olfactory bulbs from adult Fischer rats. Each RNA sample was obtained from one cul-

ture derived from 4 rats or from a pool of ONLs dissected from 4 rats. Cy3 and Cy5 dye

-labeling was performed using the Agilent Low RNA Input Fluorescent Linear Amplifi-

cation kit (5184-3523) according to the manufacturer’s instructions. Labeled RNA was 

hybridized on arrays (G4130A, Agilent Technologies) consistent with the manufac-

turer’s guidelines and according to the scheme in Figure 2 of Chapter 3. Microarrays 

were scanned with an Agilent microarray scanner and Agilent Feature Extraction soft-

ware was used to extract the intensity data.         

 

Data analysis and selection of target genes 

Data analysis was performed in R (http://www.r-project.org), using the packages marray 

and limma. Internal normalization of the arrays was based on Loess and global normali-

zation was based on the median absolute deviation. Normalised data were modeled in 

limma according to the hybridisation schemes. In approach 1, differential gene expres-

sion was calculated at each time point relative to day 0 (non-lesioned control). In ap-

proach 2, differential gene expression between cOEG and cSCs and between cOEG and 

nOEG was calculated. Genes with a p-value smaller than 0.001 were considered signifi-

cant. The list of target genes was further refined for functional validation by subjecting 

the original lists of differentially expressed genes to a number of additional selection 

criteria (Fig. 1A,B).  

 In approach 1, the first selection criterium was based on fold change. Only genes 

differentially regulated after injury with a 2log ratio of at least 0.5 (comparable to a fold 

change of 1.4) were included. Second, only genes differentially regulated within the first 

3 weeks after the lesion were selected, since this is the time period in which new olfac-

tory axons reach the ONL and have commenced their journey through the ONL to the 

glomeruli in the OB. A third selection was based on the putative function of the genes. 

An extensive literature search was done with PubMed to select genes that could be ex-

pected to be involved in ‘the stimulation of neurite outgrowth’ based on their proposed 

function. These included genes directly associated with neurite outgrowth but also genes 
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involved in for example cellular adhesion or extracellular matrix formation. The selected 

genes were tested in the outgrowth assay (Fig. 1A).   

 In approach 2, the first selection criterium was also based on fold change. Only 

genes with a 2log ratio of at least 1.5 (comparable to a threefold change) were included. 

Second, the web-based tool eGOn (http://www.genetools.microarray.ntnu.no/common/

intro.php) (Beisvag et al., 2006) was used to select genes with a gene ontology annota-

tion as listed in Table 1. We predicted that, based on this criterium, we would select for 

genes that may be involved in ‘the stimulation of neurite outgrowth’ and in ‘the interac-

tion behavior with MCs’. The third selection criterium was based on ‘correlated expres-

sion changes’. This means that both comparisons, i.e. cOEG versus SCs and cOEG ver-

sus nOEG, were linked and genes higher expressed in cOEG in both comparisons as 

well as genes lower expressed in cOEG in both comparisons were selected. These genes 

Figure 1 Schematic representation of selection criteria used to refine the number of target genes. 

The number of selected genes in each step is represented. A. Selection criteria used for approach 1; 

gene expression analysis of nOEG in the ONL after lesion. First, genes upregulated after injury with 

a 2log ratio of at least 0.5 and a p-value<0.001 were included. Second, only genes differentially 

expressed in the first three weeks after the lesion were selected. Third, genes that could be involved 

in ‘neurite outgrowth stimulation’ based on their putative function as documented in the literature 

were selected. Finally, only genes upregulated in the ONL after injury were selected (genes selected 

for knockdown), which eventually resulted in a list of 86 target genes.  B. Selection criteria used for 

approach 2; gene expression analysis of cultured OEG. Similar selection criteria were applied to the 

cOEG-cSC comparison and the cOEG-nOEG comparison. First, genes with a 2log ratio of at least 

1.5 and a p-value<0.001 were included. Second, genes that could be involved in ‘the stimulation of 

neurite outgrowth’ or in ‘the interaction properties with MCs’ were selected based on their gene 

ontology annotation. Third, the cOEG-cSC comparison and the cOEG-nOEG comparison were 

linked and genes higher expressed in cOEG in both comparisons were selected as well as genes 

lower expressed in cOEG in both comparisons (correlated expression changes). The fourth criterium 

was applied to all genes that did not pass the third criterium. Genes associated with neurite out-

growth or cellular interaction in the literature were added to the list of target genes. Finally, target 

genes were selected for knockdown, which means that for the cOEG-nOEG comparison only genes 

higher expressed in cOEG than nOEG were selected. This resulted in a final list of 99 target genes. 
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 are uniquely enriched or depleted in activated OEG and are not for instance up- or 

downregulated because of general cell activation-related processes that are commonly 

triggered when cells are cultured. The fourth criterium was based on a ‘literature 

search’, which was applied to the group of genes that did not pass the third criterium. 

Genes that were, based on literature, potentially associated with neurite outgrowth or 

cellular interaction were added to the list of target genes. Genes were selected for 

knockdown experiments, which meant that for the cOEG-nOEG comparison, only genes 

higher expressed in cOEG than nOEG were selected. These genes were tested in the 

outgrowth assays. Genes differentially expressed between cOEG and cSCs were tested 

in the interaction assays (Fig. 1B).  

 

siRNA transfection  

OEG were used for transfection at 3.5 weeks in culture and SCs at 2 weeks after disso-

ciation of the sciatic nerve explants. OEG or SCs were plated in PLL-coated 96-wells 

plates at a density of 8500 cells/well. The next day, cells were transfected with siGE-

NOME SMART pools (Dharmacon), consisting of 4 siRNA duplexes per gene to a final 

concentration of 100 nM. Transfection was performed according to the manufacturer’s 

protocol, using DharmaFECT 3. In short, transfection mix was made by mixing siRNA 

and DharmaFECT 3, both diluted in serum-free medium. After incubation for 20 min at 

room temperature, pre-warmed (37°C) medium containing 0.5% FCS was added. Cul-

ture medium was removed from the cells and replaced by transfection mix to a final vol-

ume of 50 µl per well. After 4 hours, transfection mix was removed and replaced by 

culture medium.  

 In a next series of experiments, the individual siRNAs from the SMART pools 

were tested at a concentration of 100 nM each. These experiments were performed to 

confirm the previous statistically significant effects as observed with the pools. An ef-

fect of each individual siRNA was determined as a reduction in total neurite length in 

more than half of the experiments compared to siGlo. 

   

Determination of transfection and knockdown efficiency with quantitative PCR  

The fluorescent control siGLO Lamin A/C siRNA (Dharmacon) was used to determine 

transfection efficiency and knockdown efficiency. OEG were plated on PLL-coated cov-

erslips at a density of 5.0 x 104 cells/well and in PLL-coated 6-wells plates at a density 

of 2.5 x 105 cells/well. OEG were transfected the next day with siGLO Lamin A/C 

siRNA at a final concentration of 100 nM. Untreated cells were used as control. To in-

vestigate the transfection efficiency, cells cultured on coverslips were fixed at 2 days 

after infection with 4% paraformaldehyde (PFA) for 20 min. Cell nuclei were stained 

with Hoechst 33258 (Biorad) and mounted in mowiol. Transfection efficiency was de-

termined by counting the number of cells positive for the fluorescent marker siGlo as 
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 percentage of all cells. To determine the knockdown efficiency, RNA was isolated from 

the OEG in the 6-wells plates at 2 and 7 days after transfection using the RNeasy mini 

kit (Qiagen). To further determine the knockdown efficiency, SCs were plated in 6-wells 

plates and on coverslips and were transfected with SMART pool siRNA for GAP-43 

and for p75 at a final concentration of 100 nM. After 3 days, cells cultured on coverslips 

were fixed and RNA was isolated from cells cultured in 6-wells plates similar as de-

scribed above.      

 cDNA synthesis was performed with 1 µg total RNA using Superscript II and 

oligo-dT primers. Quantitative PCR was performed on the ABI PRISM 7700 Sequence 

Detection System (Applied Biosystems) using SYBR Green PCR reagent kit (Applied 

Biosystems). Reaction conditions were 2 min at 50˚C, 10 min at 95˚C followed by 40 

cycles of 15 sec at 95˚C and 1 min at 60˚C. Data were normalized against GAPDH, H3 

and H2afy. Primer sequences used were (forward and reverse respectively, from 5’ to 

3’-end): LaminA/C AGTTTGAACCTACCTTTCCCCC and AATCCCACTTAATACT 

GCCCTCC; GAP-43 CCCGAGGCTGACCAAGAAC and GATCTGAGAAAGGGCA 

GGAGAGA; p75 CCACAATCCAACACTATACTACATTACACA and GACTCCCA 

GCAGGATCTAGTCTCA; GAPDH TGCCAAGTATGATGACATCAAGAAG and 

AGCCCAGGATGCCCTTTAGT; H3 CAGACCTGCGCTTCCAGAGT and GCCAAC 

CAGATAGGCCTCACT; H2afy TGATTAACACAGAGCAGTGGAGAGA and TAA 

TAGTAAAAAGAACGCCACTGGG. 

 

Bioassays 

For the outgrowth assays, OEG were plated in PLL-coated 96-wells plates and trans-

fected with siRNA targeting the individual target genes as described above. At three 

days after transfection, dissociated DRG-neurons were plated on the monolayer of OEG 

at a density of 6000 cells/well in DF-10S containing forskolin and PEX. Cultures were 

fixed with 4% PFA for 20 min at 2, 4, 6 and 8 hours after plating. Neurite lengths were 

measured on a KineticScan HCS Reader (Cellomics).  

 For the cluster assay, OEG or SCs were plated in 96-wells plates and transfected 

with siRNA as described above. At two days after transfection, MCs were added to the 

cultures at a density of 8500 cells/well in D-10S, containing forskolin and PEX. Cul-

tures were fixed with 4% PFA for 20 min at 1, 2 and 5 days after plating. Cluster areas 

were measured on a KineticScan HCS Reader.  

 Outgrowth and cluster assays were standardized for the siRNA transfections us-

ing the following 4 controls; the fluorescent transfection indicator siGlo (Dharmacon), 

the siControl non-targeting pool (SiCtrl; Dharmacon), the DharmaFECT-only or mock 

and the untreated. Results are the means ± SEM of three independent experiments. Sta-

tistical analysis was conducted using a two-way analysis of variance (ANOVA) to test 
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 for effects of type of control (control) and the interaction of control and time (control x 

time). Differences were considered statistically significant if p<0.05.  

  

Immunocytochemistry 

Fixed cultures were washed in PBS and blocked for 30 min in PBS containing 0.1% 

Triton X-100 and 2% FCS (PBS-TS). Cultures were incubated with primary antibody in 

PBS-TS for 2 hours at room temperature. Outgrowth assays were incubated with mono-

clonal anti-neuronal class III beta-tubulin (TUJ1) (1:500; Covance) and cluster assays 

with rabbit anti-S100 (1:600; Dako). To determine knockdown, SCs were incubated 

with rabbit anti-GAP-43 (#9527) (1:500; gift from P.N.E. De Graan, Utrecht University, 

Utrecht, The Netherlands) and undiluted monoclonal anti-p75. Cultures were then 

washed with PBS, followed by incubation with a Cy3- (1:400; Jackson ImmunoRe-

search) or Alexa 568- (1:400; Molecular Probes) conjugated secondary antibody in PBS

-TS for 2 hours at room temperature. Images were captured with a fluorescence micro-

scope using similar exposure times. 

 

Medium-throughput screening 

Outgrowth and cluster assays were imaged on a Cellomics KineticScan HCS Reader, 

using immunofluorescence as described above. For the outgrowth assays, a maximum of 

40 fields per well was imaged (10x magnification), containing 500 neurons per well in 

total. Using the Neuronal Profiling Bioapplication (Cellomics), neurites were traced and 

neurite length per individual neuron was determined. For the cluster assays, the entire 

well was imaged (5x magnification), comprising 9 fields per well. Using the Morphol-

ogy Bioapplication (Cellomics), cell clusters were outlined and the area of each cluster 

determined.   

 The bioassays included 5 wells per condition (n=5). Total neurite length per con-

dition was calculated by first averaging the total neurite length/neuron in each well. To-

tal neurite length per condition was the average of five wells. Total cluster area per con-

dition was calculated by first adding up all measured cluster areas per well. Total cluster 

area per condition was the average of five wells. Results are expressed as means ± SEM. 

Results were analyzed for statistically significant differences via a two-way analysis of 

variance (ANOVA) to test for effects of gene and interaction of gene and time (gene x 

time). ANOVA was followed by a Bonferroni post-hoc test to find significance between 

the different groups. Per experiment, differences were considered statistically significant 

if p<0.05. A gene was considered to have an effect in ‘the stimulation of neurite out-

growth’ or in ‘the interaction behavior with MCs’ when the results of at least 2 of 3 in-

dependent experiments were statistically significant.     

 

 



FUNCTIONAL SCREENING 

137 

 Results 

Selection of target genes 

The microarray experiments on OEG in the lesioned olfactory system (approach 1) and 

on cultured OEG (approach 2) yielded two sets of differentially expressed genes. In ap-

proach 1, differential gene expression was defined as a 2log ratio greater than 0.5 and a p

-value smaller than 0.001. This corresponded to a significant fold change of 1.4. This 

resulted in 819 genes differentially expressed at at least one time point after the lesion. 

The changes in expression of 60 of these 819 genes were confirmed by qPCR (Figure 5; 

Chapter 2). In approach 2, differential gene expression was defined as a 2log ratio 

greater than 1.5 and a p-value smaller than 0.001. This corresponded to a significant fold 

change of 2.8. Here, 350 genes were differentially expressed between cOEG and cSCs 

and 659 genes were differentially expressed between cOEG and nOEG. The microarray 

data were validated by qPCR on a subset of 37 differentially expressed genes (Figure 4; 

Chapter 3, Franssen et al., 2007). 

 Target genes were selected based on a number of selection criteria as outlined in 

Material and Methods (Fig. 1). In approach 1, 690 genes were differentially regulated in 

Gene Ontology classes 

Biological process 

GO:0009653 anatomical structure morphogenesis 

GO:0007155 cell adhesion 

GO:0007154 cell communication 

GO:0016049 cell growth 

GO:0006928 cell motility 

GO:0016043 cellular component organization and biogenesis 

GO:0040007 growth 

GO:0040011 locomotion 

GO:0050896 response to stimulus 

GO:0009888 tissue development 

Cellular component  

GO:0009986 cell surface 

GO:0031012 extracellular matrix 

GO:0005576 extracellular region 

GO:0016020 membrane 

Table 1 Gene Ontology classes including their children that were used for selection of candidate 

genes 

To select genes involved in ‘the stimulation of neurite outgrowth’ or involved in ‘the interaction 

properties with MCs’ in approach 2, all target genes belonging to the represented gene ontology 

classes or to one of their branches were selected.    
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 the first 3 weeks after the lesion. From these 690 genes, 86 genes were selected that, 

based on their function documented in the literature, could potentially play a role in ‘the 

stimulation of neurite outgrowth’. During this time period most axons of the newly 

formed olfactory neurons have reached the ONL and are growing through the ONL to-

wards the glomeruli in the olfactory bulb. This list consisted mainly of genes associated 

with (neurite) outgrowth, cell adhesion or extracellular matrix. 

 In the cOEG-cSC comparison of approach 2, 153 genes were potentially involved 

in ‘the stimulation of neurite outgrowth’ or ‘the interaction behavior with MCs’ based 

on their gene ontology annotation (Table 1). In the cOEG-nOEG comparison, 218 genes 

were selected. Subsequent selection for ‘correlated expression changes’ resulted in 74 

genes that had a similar ‘direction of expression change’ in the cOEG-cSC comparison 

and 54 genes in the cOEG-nOEG comparison. From the group of genes that did not pass 

the criterium of ‘correlated expression changes’, 15 genes were selected in the cOEG-

cSC comparison that were, based on literature, anticipated to play a role in ‘the stimula-

tion of neurite outgrowth’ or ‘the interaction behavior with MCs’. In the cOEG-nOEG 

comparison, 9 genes were added based on literature research. This eventually resulted in 

a list of 99 target genes from approach 2. 

 Combining the gene lists from the two approaches revealed 7 overlapping genes. 

Removal of these duplicates resulted in a total list of 178 target genes. From this list, a 

first set of 60 genes was tested in the outgrowth and cluster assays (Table 2). From the 

list of 60 genes, 52 genes were analyzed in the outgrowth assay and 25 genes in the clus-

ter assay. From these genes, 17 genes were tested in both assays.   

 

siRNA-mediated knockdown in cOEG and cSCs 

The role of the target genes in ‘the stimulation of neurite outgrowth’ and in ‘the interac-

tion behavior with MCs’ was investigated by siRNA-mediated knockdown of gene ex-

pression of each individual gene in cOEG and cSCs. Each gene was targeted by a pool 

of 4 different siRNA duplexes. To validate the siRNA-mediated knockdown system, 

transfection and knockdown efficiency was tested in cOEG using the fluorescent control 

siRNA siGlo Lamin A/C. At two days after transfection, 75% of the OEG was trans-

fected (Fig. 2A). The knockdown efficiency of lamin A/C was 83% after 2 days and 

after 7 days there was still a reduction of 66% (Fig. 2B). Knockdown efficiency was 

further determined by transfecting cSCs with siRNAs for p75 and GAP-43. Both genes 

were highly expressed in cSCs on the microarray. After 3 days, mRNA levels were re-

duced with respectively 89% and 91% (Fig. 2C). Also at the protein level, a clear reduc-

tion of expression could be observed after staining cSCs for p75 and GAP-43 (Fig. 2D).  
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Accession# Gene name Approach Bioassay 

AA819288 Retinoic acid receptor responder (tazarotene induced) 1 1 outgrowth 

AI012463 GLI pathogenesis-related 1 (glioma) 1 outgrowth 

AI412212 Vasoactive intestinal polypeptide 1 outgrowth 

AW534613 Wiskott-Aldrich syndrome homolog (human) (predicted) 1 outgrowth 

AW915488 Tyro protein tyrosine kinase binding protein 1 outgrowth 

BF407571 Neurturin 1 outgrowth 

BF419904 Growth arrest and DNA-damage-inducible 45 gamma 1 outgrowth 

BF420705 Transforming growth factor, beta 2 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

BM385941 Transcribed locus 1 outgrowth 

BM387134 Tenascin C 1 outgrowth 

BQ205363 Fibroblast growth factor receptor-like 1 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_012551 Early growth response 1 1 outgrowth 

NM_012588 Insulin-like growth factor binding protein 3 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_012608 Membrane metallo endopeptidase 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_012610 Nerve growth factor receptor (TNFR superfamily, mem-

ber 16) 

2: OnO 

2: OS (cSCs) 

outgrowth 

cluster 

NM_012731 Neurotrophic tyrosine kinase, receptor, type 2 1 outgrowth 

NM_012756 Insulin-like growth factor 2 receptor 2: OS (cOEG) outgrowth 

NM_012777 Apolipoprotein D 2: OS (cOEG) cluster 

NM_012823 Annexin A3 1 outgrowth 

NM_012829 Cholecystokinin 1 outgrowth 

NM_012950 Coagulation factor II (thrombin) receptor 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_012967 Intercellular adhesion molecule 1 1 outgrowth 

NM_013046 Thyrotropin releasing hormone 1 outgrowth 

NM_013122 Insulin-like growth factor binding protein 2 1 outgrowth 

NM_017037 Peripheral myelin protein 22 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_017139 Proenkephalin 1 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_017166 Stathmin 1 1 outgrowth 

NM_017195 Growth associated protein 43 2: OS (cSCs) cluster 

NM_017318 Protein tyrosine kinase 2 beta 1 outgrowth 

NM_017336 Protein tyrosine phosphatase, receptor type, O 1 outgrowth 

NM_017353 Solute carrier family 7 (cationic amino acid transporter, 

y+ system), member 5 

2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_019144 Acid phosphatase 5, tartrate resistant 1 outgrowth 

Table 2 List of 60 target genes tested in the outgrowth and cluster assays 
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 NM_017353 Solute carrier family 7 (cationic amino acid transporter, 
y+ system), member 5 

2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_019144 Acid phosphatase 5, tartrate resistant 1 outgrowth 

NM_019370 Ectonucleotide pyrophosphatase/phosphodiesterase 3 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_020100 Receptor (calcitonin) activity modifying protein 3 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_021989 Tissue inhibitor of metalloproteinase 2 1 

2: OS (cOEG) 

outgrowth 

cluster 

NM_022266 Connective tissue growth factor 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_022695 Neurotensin receptor 2 1 outgrowth 

NM_030852 Melanoma inhibitory activity 1 2: OS (cOEG) cluster 

NM_030857 Yamaguchi sarcoma viral (v-yes-1) oncogene homolog 1 outgrowth 

NM_030997 VGF nerve growth factor inducible 1 outgrowth 

NM_031070 Nel-like 2 homolog (chicken) 2: OS (cOEG) cluster 

NM_031521 Neural cell adhesion molecule 1 1 outgrowth 

NM_031658 Mesothelin 1 outgrowth 

NM_031747 Calponin 1 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_031832 Lectin, galactOSe binding, soluble 3 1 outgrowth 

NM_031967 N-myc downstream regulated gene 4 1 

2: OS (cSCs) 

outgrowth 

cluster 

NM_053430 Flap structure-specific endonuclease 1 1 outgrowth 

NM_053587 S100 calcium binding protein A9 (calgranulin B) 1 outgrowth 

NM_053667 Leprecan 1 2: OnO 

2: OS (cOEG) 

outgrowth 

cluster 

NM_053779 Serine (or cysteine) peptidase inhibitor, clade I, member 1 1 outgrowth 

NM_053796 F11 receptor 2: OS (cOEG) cluster 

NM_053908 Protein tyrosine phosphatase, non-receptor type 6 1 outgrowth 

NM_054001 Scavenger receptor class B, member 2 1 outgrowth 

NM_080698 Fibromodulin 2: OS (cOEG) cluster 

NM_130413 Src family associated phosphoprotein 2 1 outgrowth 

NM_138848 Podocalyxin-like 2: OS (cOEG) cluster 

NM_145098 Neuropilin 1 1 outgrowth 

NM_153735 Neuronal pentraxin 1 1 outgrowth 

The microarray approach in which each gene was identified is represented in the third column; ap-

proach 1 refers to the gene expression analysis of the olfactory nerve layer after injury and approach 

2 refers to the gene expression analysis of cultured OEG. For approach 2, it is indicated in which 

comparison the gene was identified; OnO refers to the comparison between cOEG and nOEG and 

OS refers to the comparison between cOEG and cSCs. For this last comparison it is indicated in 

which cell type (OEG or SCs) the gene was higher expressed. The last column specifies the bioassay 

(outgrowth assay, cluster assay or both assays) in which the gene was analyzed.     
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 Standardization of bioassays          

To standardize the outgrowth assay and the cluster assay in miniaturized format and to 

validate the siRNA-mediated knockdown system in the bioassays, 4 different control 

outgrowth and cluster assays were set up. The 4 different control conditions included 

siGlo, siControl, mock and untreated. In the outgrowth assay, total neurite length of 

DRG neurons plated on a monolayer of OEG gradually increased in time in all condi-

tions (Fig. 3A,B). An ANOVA indicated no significant differences of control (p=0.851) 

or control x time (p=0.973). In the OEG-cluster assay, OEG intermingled with MCs and 

no cell clusters were formed in time as described in Chapter 4 (Fig. 3C). Total cluster 

area did not change over time in all conditions and no significant differences were found 

of control (p=0.556) or control x time (p=0.986). In the SC-cluster assay, SCs aggre-

gated and formed cell clusters as described before (Chapter 4) (Fig. 3D). Although the 

total cluster area increased in time in all 4 conditions, an ANOVA showed significant 

differences between controls (p=0.001). Post-hoc analysis revealed that transfecting 

cSCs with the siCtrl resulted in a significant lower total cluster area than the mock 

(p=0.015) and the untreated (p=0.001). This unexpected effect of the siCtrl might be 

caused by an off-target effect (Jackson et al., 2003; Scacheri et al., 2004). We therefore 

decided to discard the siCtrl. The siGlo was used as control in the actual validation ex-

periments.  The outgrowth assay was further validated by knocking down brain derived 

neurotrophic factor (BDNF) as positive control (Pastrana et al., 2007). Knockdown of 

BDNF in OEG resulted in a significant reduced neurite length of DRG neurons com-

pared to SiGlo (p=4.7E-04) (Fig. 3E).       

  

Identification of genes expressed by OEG that are involved in stimulating neurite out-

growth  

A set of 52 genes was tested in the outgrowth assay. These genes included 36 genes 

upregulated in the ONL after injury and 16 genes upregulated in OEG after 3.5 weeks in 

culture (Table 2). All 52 genes were individually knocked down in a monolayer of OEG 

and their effect on neurite outgrowth of DRG neurons was analyzed by measuring neu-

rite length. Testing all genes once resulted in 11 genes that showed a significant reduc-

tion of the total neurite length following knockdown (listed in Fig. 4A). The effects of 

these genes were studied in at least 3 independent follow-up experiments. We defined 

‘hits’ as target genes that had a significant effect in at least 2 of 3 independent experi-

ments. Neural cell adhesion molecule 1 (NCAM1), mesothelin, serine protease inhibitor 

clade I member 1 (serpini1), neuropilin 1 (NP-1), scavenger receptor class B member 2 

(scarb2) and BM385941 (transcribed locus, previously annotated as endophilin) showed 

a significant reduction of total neurite length in 3 independent experiments (Fig. 4B). 

NCAM is a common cell adhesion molecule that is widely expressed in the nervous sys-

tem (reviewed by Bonfanti 2006). The polysialylated form of NCAM (PSA-NCAM) is 
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known to be expressed by OEG and primary olfactory axons in the olfactory system. 

Moreover, PSA-NCAM is required for olfactory axon outgrowth, extension and path-

finding (Aoki et al., 1999; Miragall and Dermietzel 1992; Miragall et al., 1988). There-

fore, we do not consider NCAM as a novel hit, since the contribution of NCAM to neu-

rite outgrowth stimulation by OEG has already been shown. Instead, the identification of 

NCAM as target gene from the microarray experiments and the subsequent effects in the 

outgrowth assay following knockdown, validate our methodological approach to iden-

tify novel genes expressed by OEG and involved in the stimulation of neurite outgrowth. 

Knockdown of mesothelin resulted in considerable cell death of OEG. The reduction in 

total neurite length was therefore almost certainly caused by a disruption of the 

monolayer of OEG. The effect of S100 calcium binding protein A9 (S100A9) was 

shown in 2 of 3 experiments. Leprecan 1 was the only gene tested 4 times and showed 

Figure 2 Determination of transfection and knockdown efficiency. A. Transfection of cOEG with 

the fluorescent control siRNA siGlo Lamin A/C resulted in a transfection efficiency of 75%. Trans-

fection efficiency was based on the number of cells labeled with the fluorescent marker siGlo (red) 

as percentage of the number of total cells (Hoechst, blue). Scalebar = 100 µm. B. Transfection of 

cOEG with siGlo Lamin A/C resulted in a 83% knockdown efficiency of lamin A/C after 2 days and 

after 7 days there was still a reduction of 66%. C. Transfection of cSCs with siRNAs for p75 and 

GAP-43 resulted in a knockdown efficiency of respectively 89% and 91% after three days. D. A 

clear reduction of p75 and GAP-43 protein levels could be observed after staining cSCs for p75 and 

GAP-43 at three days after transfection with siRNA for p75 and GAP-43 (KD = knockdown). Scale-

bar = 100 µm.  



FUNCTIONAL SCREENING 

143 

 an effect in 3 of 4 experiments. The remaining 3 genes, coagulation factor II (thrombin) 

receptor (F2r), n-myc downstream regulated gene 4 (Ndrg4) and neuronal pentraxin 1 

(Nptx1), did only show an effect in the first screen and could not be reproduced (see 

graphs in Fig. 4B).  In summary, from the 52 genes tested we identified 7 hits in the 

outgrowth assay, including S100A9, leprecan 1, mesothelin, serpini1, NP-1, scarb2 and 

BM385941. These genes are potentially involved in the neurite outgrowth-promoting 

properties of OEG.  

Figure 3 Standardization of the outgrowth and cluster bioassays. Bioassays were standardized using 

the following 4 types of controls: siGlo, siCtrl, mock and untreated. A. Representative pictures of 

the outgrowth assay consisting of dissociated DRG neurons plated on an untreated monolayer of 

OEG (left) and after tracing the neurites using the Cellomics Neuronal Profiling Bioapplication 

(right). The Bioapplication included identification of neuronal cell bodies (blue), neurites (green, 

pink and light blue) and branch points (yellow). Scalebar = 100 µm. B. In the outgrowth assay, total 

neurite length of DRG neurons gradually increased in time in all conditions. No statistical signifi-

cant differences were observed between the 4 controls. C. In the OEG-cluster assay, no cell clusters 

were formed and the total cluster area did not increase over time. No statistical significant differ-

ences were observed between the 4 controls. D. In the SC-cluster assay, total cluster area increased 

over time. Transfection with siCtrl resulted in a statistical significant lower total cluster area than 

the mock (p=0.015) and the untreated (p=0.001). E. Graph of the outgrowth assay following knock-

down of BDNF. Knockdown of BDNF resulted in a statistically significant reduced total neurite 

length compared to SiGlo.    
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Figure 4 Functional validation of target genes in the outgrowth assay. A. From the 52 genes tested 

in the outgrowth assay, 11 genes showed a statistical significant effect in the first experiment. For 

these 11 genes, the p-values for each individual experiment are represented. Differences were con-

sidered statistically significant if p<0.05 (indicated by a dotted line). From the 11 genes, listed on 

the right, knockdown of 8 genes resulted in a statistical significant reduction of neurite outgrowth in 

at least 2 of 3 independent experiments. These genes were defined as ‘hits’ and are marked with an 

asterisk. Nptx1 did show a significant effect in the first and last experiment, but in the last experi-

ment the total neurite length was not reduced (see graphs) B. Graphs of the outgrowth assays from 

the 8 hits and Nptx1. Graphs of the three independent experiments are shown. Each graph shows the 

increase of total neurite length of DRG neurons in time (2, 4, 6 and 8 hours) on OEG following 

knockdown of the particular target gene compared to the control.   

Identification of genes involved in the distinct interaction behavior of cOEG and cSCs 

with MCs 

A set of 25 genes was tested in the cluster assay. These genes were all differentially ex-

pressed between cOEG and cSCs. From the group of 25 genes, 4 genes were higher ex-

pressed in cSCs and 21 genes were higher expressed in cOEG (Table 2). The genes 

higher expressed in cSCs were knocked down in cSCs and their contribution to cluster 
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 formation in cocultures of SCs and MCs was investigated by measuring total cluster 

area. Vice versa, genes higher expressed in cOEG were knocked down in cOEG and 

their contribution to the intermingling behavior of OEG in coculture with MCs was ex-

amined. From the 4 genes knocked down in cSCs, the low affinity nerve growth factor 

receptor p75 (p75) and growth associated protein 43 (GAP-43) resulted in a statistically 

significant decrease in the total cluster area. The effect of p75 was observed in 2 out of 3 

experiments and the effect of GAP-43 in all 3 independent experiments (Fig. 5A, B). 

From the 21 genes tested in OEG, knockdown of receptor activity-modifying protein 3 

(RAMP3), apolipoprotein D (ApoD), connective tissue growth factor (CTGF), junc-

tional adhesion molecule 1 (JAM-1) and calponin (CNN) resulted in a significant in-

crease in the total cluster area in the first experiment (p<0.01). These results could how-

ever not be repeated for ApoD, CTGF, JAM-1 and CNN. RAMP3 was tested in 5 inde-

pendent experiments, which resulted in variable effects. In 2 experiments, knockdown of 

RAMP3 in OEG resulted in a statistical significant increase of total cluster area 

(p<0.001), whereas in 1 experiment RAMP3 knockdown had an opposite effect. In 2 

experiments, no effects were observed following RAMP3 knockdown. Thus, knock-

down of none of the 21 genes resulted in a consistent increase of cluster formation in 

OEG-MC cocultures. 

 In summary, we identified 2 hits from the 25 genes tested in the cluster assay: the 

formation of SC clusters in SC-MC cluster assays was consistently reduced following 

knockdown of p75 and GAP-43 in SCs.  

 

Confirmation of knockdown effects by testing individual siRNAs 

The rationale behind using pools of 4 siRNAs is that the concentrations of each individ-

ual siRNA can be lowered. Consequently, a potential off-target effect of one of the 

siRNAs will be less effective. The on-target effect will not be decreased since all 4 indi-

vidual siRNAs target the same gene. Since the 4 single duplexes are distinct sequences, 

it is very unlikely that 2 siRNAs will cause a similar off-target effect (Echeverri et al., 

2006). The chance of identifying off-target-mediated phenotypes will therefore be re-

duced by siRNA pooling. However, off-targeting can not be eliminated. To exclude the 

possibility that the observed effects in the outgrowth assay were still caused by off-

target effects, we studied the effects of the 4 siRNAs from the pools individually. 

Knockdown results of the pools are confirmed when the effects can be reproduced by at 

least 2 of the 4 individual siRNAs (Chan et al., 2007; Echeverri et al., 2006).  

 In preliminary experiments, individual siRNAs including the pools were tested in 

the outgrowth assay as described above, except that the cultures were only analyzed at 

one time point, that is 8 hours. At least 2 individual siRNAs of serpini1, leprecan 1 and 

mesothelin resulted in a ca. 20% reduced total neurite length, which was comparable 

with the results obtained with the pools. This reduced neurite length was observed in at 
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least 2 of 3 independent experiments. Moreover, at least 2 of the mesothelin individual 

siRNAs caused significant cell death of OEG as shown with the pool, thus confirming 

the on-target effects of mesothelin. The effects of S100A9, NP-1, scarb2 and BM385941 

are not confirmed as yet by the individual siRNAs. We are currently further investigat-

ing the specificity of the effects of scarb2, NP-1, S100A9 and BM385941 by testing 

mRNA knockdown levels. Thus, we have confirmed the functional effects in the out-

growth assay of serpini1, leprecan 1 and mesothelin. 

 

 

Discussion 

The gene expression profile of OEG in the regenerating primary olfactory system and of 

OEG and SCs in culture were investigated. A selected group of target genes were identi-

fied potentially involved in the neurite outgrowth-promoting properties of OEG and in 

the different interaction behavior of cOEG and cSCs with MCs. In a medium-throughput 

screening approach, target genes were functionally validated in culture bioassays. We 

have identified 7 genes potentially involved in neurite outgrowth-stimulation and 2 

genes contributing to MC-induced SC clustering.   

 

Genes potentially involved in OEG-supported neurite outgrowth 

Knockdown of scarb2, leprecan 1, NP-1, serpini1, S100A9, mesothelin and BM385941 

in OEG resulted in a reduced neurite length of DRG neurons plated on the OEG. In ad-

dition, the effects of serpini1, leprecan 1 and mesothelin were confirmed by knockdown 

with individual siRNAs. The potential role of each gene in ‘the stimulation of neurite 

outgrowth’ and ‘the interaction behavior with MCs’ will be discussed below.   

 Scarb2 or CD36-like 2 is a lysosomal membrane protein, related to the cell adhe-

sion protein CD36 (Vega et al., 1991). CD36 is a multiligand transmembrane receptor 

implicated in diverse biological processes, such as binding and transport of fatty acids 

Figure 5 Graphs of the SC-cluster assays. The three graphs represent three independent experi-

ments. Each graph shows the increase of total cluster area in time of SCs in coculture with MCs 

following knockdown of p75 or GAP-43 compared to the control. Knockdown of p75 in cSCs re-

sulted in a statistical significant decrease of the total cluster area in the first two experiments. 

Knockdown of GAP-43 in cSCs resulted in a statistical significant decrease of the total cluster area 

in all 3 independent experiments.  
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 and lipids, clearance of apoptotic cells, collagen adhesion and inhibition of angiogenesis 

(Febbraio et al., 2001; Husemann et al., 2002). Although CD36 expression has never 

been demonstrated in the nervous system, one of the best known ligands of CD36 is the 

extracellular glycoprotein thrombospondin-1 (Asch et al., 1987; Li et al., 1993). In vitro, 

neurite outgrowth of various types of neurons, such as retinal neurons, superior cervical 

ganglion cells, hippocampal neurons, cerebral cortical cells and dorsal root ganglion 

neurons is promoted by thrombospondin-1 (Neugebauer et al., 1991; Osterhout et al., 

1992). Moreover, after peripheral nerve injury, SCs distal to the regenerating axons in-

creased thrombospondin-1 expression (Hoffman and O'Shea 1999). In our gene expres-

sion studies on the ONL, thrombospondin-1 was not differentially expressed but throm-

bospondin-2 was upregulated from day 3 onwards. Since thrombospondin-2 binds to 

CD36, it may also bind to scarb2. Although we have not tested thrombospondin-2 in the 

outgrowth assays, the upregulation of both scarb2 and thrombospondin-2 and the ob-

served effects of scarb2 knockdown in the outgrowth assays implicate a role for scarb2 

and/or thrombospondin-2 in the neurite outgrowth-promoting properties of OEG.  

 Leprecan 1 was identified as a target gene in approach 2. It was higher expressed 

in cOEG compared to cSCs as well as to nOEG. Leprecan (leucine proline-enriched 

proteoglycan) is a basement membrane-associated chondroitin sulphate proteoglycan 

(Wassenhove-McCarthy and McCarthy 1999). It was proposed to function as a matricel-

lular protein playing a role in basement membrane formation (Lauer et al., 2007). The 

carboxyl-terminus of leprecan has prolyl 3-hydroxylase activity, which is important in 

collagen biosynthesis, folding and assembly (Vranka et al., 2004). Leprecan may there-

fore play an important role in basement membrane-associated collagen assembly. In 

addition, leprecan also contains the endoplasmic reticulum retrieval signal (KDEL), 

which could indicate that it is involved in functions of the endoplasmic reticulum and 

thus the secretory pathway of cells (Wassenhove-McCarthy and McCarthy 1999). Base-

ment membranes separate cells from the underlying connective tissue (LeBleu et al., 

2007). In the primary olfactory pathway, the outer surface of the channels of intercon-

necting OEG is enclosed by a basement membrane, which is surrounded by fibroblasts 

embedded in collagen fibrils (Field et al., 2003; Li et al., 2005a; Li et al., 2005b). OEG 

express the two major components of the basement membrane, collagen type IV and 

laminin, which contribute to the formation of an axon growth-promoting substrate 

(Doucette 1996; Kafitz and Greer 1997). Leprecan may act as an additional important 

component of the basement membrane of OEG and might be involved in the assembly 

of an extracellular matrix beneficial for axon growth.    

 NP-1 is a transmembrane glycoprotein, best known as the receptor for two mem-

bers of the class 3 semaphorin family, semaphorin 3A (Sema3A) and 3B and for vascu-

lar endothelial growth factor (De Winter et al., 2002). In the nervous system, NP-1 is 

expressed by neurons and endothelial cells. The protein is present at low levels in neu-
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 ronal cell bodies, but is mainly localized on neurites and growth cones where it plays an 

important role in axonal guidance (Fujisawa et al., 1997; Takagi et al., 1995). Binding of 

the chemorepulsive protein Sema3A to a complex of NP-1 and its coreceptor plexin 1 

results in growth cone collapse (Kolodkin et al., 1997). In the olfactory system, NP-1 

expression contributes to the formation of the olfactory spatial map during development 

(Taniguchi et al., 2003). The presence of NP-1 on a subset of primary olfactory axons 

excludes them from the ventral parts of the olfactory bulb where Sema3A is expressed 

(Crandall et al., 2000; Schwarting et al., 2000). Furthermore, expression of Sema3A by 

MCs at the caudal surface of the cribriform plate may guide the growth of olfactory ax-

ons through the gaps of the cribriform plate towards the olfactory bulb (Pasterkamp et 

al., 1998). Sema3A is also expressed by second-order neurons in the glomeruli, which 

may function as growth cessation signal for NP-1 positive axons (Giger et al., 1998; 

Pasterkamp et al., 1998). The expression of NP-1 in olfactory axons and its well known 

function in axonal guidance might indicate that the identification of NP-1 as a target 

gene in our gene expression study is caused by olfactory axons that are present in the 

ONL rather than the OEG. However, NP-1 expression in the ONL is upregulated di-

rectly following injury, which would not coincide with the degeneration of axons. The 

expression of NP-1 by OEG may also suggest another function in olfactory regenera-

tion. NP-1 was originally identified as a cell adhesion molecule, which mediated adhe-

sion by heterophilic interactions (Fujisawa et al., 1997; Takagi et al., 1995). As a cell 

adhesion molecule, NP-1 is important in axonal fasciculation (Fujisawa et al., 1997; 

Kitsukawa et al., 1995). Possibly, NP-1 not only mediates axon-axon adhesion, but also 

axon-glia adhesion or even glia-glia adhesion. NP-1 might therefore be involved in the 

attachment of neurites to the OEG or it could contribute to the formation of a glial sub-

strate beneficial to axonal outgrowth by promoting mutual adhesion of OEG.  

 The family of serine protease inhibitors (serpins) are proteins involved in many 

biological processes such as blood coagulation, fibrinolysis, inflammation, angiogenesis 

and tissue remodeling (Medcalf 2005; van Gent et al., 2003). Serpini1 is a glycoprotein 

that is known as neuroserpin. Neuroserpin is secreted from the growth cones of axons in 

the peripheral as well as in the central nervous system (Miranda and Lomas 2006; 

Stoeckli et al., 1991) where it inhibits the serine protease tissue plasminogen activator 

(tPA) (Hastings et al., 1997; Krueger et al., 1997; Osterwalder et al., 1998). tPA is 

widely expressed in neurons and glia and is implicated in remodeling processes of the 

synaptic extracellular matrix (Samson and Medcalf 2006). The co-expression of tPA and 

neuroserpin in many brain regions suggested that neuroserpin, as a regulator of tPA ac-

tivity, plays a role in synaptogenesis (Miranda and Lomas 2006). Besides synaptogene-

sis, neuroserpin was also implicated in the regulation of neurite outgrowth (Hill et al., 

2002; Parmar et al., 2002). Overexpression of neuroserpin in a pituitary cell line resulted 

in extension of neurite-like processes (Hill et al., 2002). However, neuroserpin inhibited 
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 growth factor-induced neurite outgrowth of PC12 cells. In PC12 cells, reduction of neu-

roserpin expression resulted in increased neurite extension (Parmar et al., 2002). These 

contrasting results may implicate different mechanisms underlying neuroserpin-

mediated neurite outgrowth in both cell types. One proposed mechanism entailed the 

regulation of local extracellular matrix degradation by inhibiting tPA (Parmar et al., 

2002). Neuroserpin expression has not been demonstrated in glia yet. The upregulation 

in the ONL in the first 2 weeks following injury suggested however that neuroserpin is 

expressed by OEG. Neuroserpin might play a role in OEG-supported neurite outgrowth 

by either remodeling the extracellular matrix or by other as yet unknown functions.  

 S100A9, mesothelin and BM385941, all identified in approach 1, can not directly 

be associated with a potential function in the stimulation of neurite outgrowth. S100 

proteins have been implicated in diverse intracellular and extracellular activities, includ-

ing calcium homeostasis, regulation of protein phosphorylation and enzyme activity, 

functions in cytoskeleton dynamics and inflammation (Donato 2003). One of the mem-

bers of the S100 protein family, S100B, is mainly expressed by glia and has been shown 

to promote neurite outgrowth (Van Eldik et al., 1991). S100A9 is expressed by granulo-

cytes and monocytes and is involved in chronic inflammation. Although inflammation 

and clearance of debris are important processes during regeneration and are probably 

also essential for proper regrowth of axons, it can not explain the effects in in vitro as-

says. S100A9 was also implicated in various other processes. S100 regulates cytoskele-

tal changes (Clark et al., 1990; Foell et al., 2007) and it was reported to stimulate neutro-

phil adhesion to a fibronectin matrix (Anceriz et al., 2007; Newton and Hogg 1998). In 

addition, S100A9 stimulated fibroblast proliferation (Shibata et al., 2005). A protein 

with such diverse functions might be a novel target to play a role in the neurite out-

growth-promoting properties of OEG, possibly by modulating adhesion or proliferation. 

 Mesothelin is a cell surface glycoprotein, present in mesothelial cells and highly 

expressed in several cancer types, such as pancreatic cancers, ovarian cancers and meso-

theliomas (Chang and Pastan 1996). Mesothelin may play a role in cell adhesion and 

was implicated as therapeutic target molecule to control the spread of tumors (Chang 

and Pastan 1996; Gubbels et al., 2006; Hassan and Ho 2008). Mesothelin expression has 

not been demonstrated in the nervous system. In the outgrowth assays, knockdown of 

mesothelin expression caused substantial cell death of OEG. Testing the individual 

siRNAs revealed that this cell death was not caused by non-specific off-target effects, 

since 2 individual siRNAs caused cell death as well. Therefore, the observed effects 

may suggest an essential role for mesothelin in OEG as a cell adhesion molecule poten-

tially involved in the formation of a growth-supporting monolayer.   

  BM385941 is a ‘transcribed locus’. BM385941 was previously annotated as 

endophilin and based on that former annotation identified as a target gene. Although in 

the individual siRNA experiments, the effects of the BM385941 pool could not be re-
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 peated, 3 of the 4 individual siRNAs did show an effect. Determining knockdown levels 

will therefore be important to confirm the results. Based on its effects in the outgrowth 

assay, BM385941 is a novel molecule involved in the stimulation of neurite outgrowth 

by OEG. 

 

Genes potentially involved in the different interaction behavior of OEG and SCs with 

MCs 

Of the 25 genes tested in the cluster assay p75 and GAP-43 were identified to be in-

volved in MC-induced SC cluster formation. The growth-associated protein GAP-43 is a 

membrane-bound phosphoprotein, implicated in neuronal development, plasticity and 

neurite outgrowth (reviewed by Benowitz and Routtenberg 1997). In the growth cone, 

GAP-43 is involved in the transduction of extracellular signals and regulation of cy-

toskeletal proteins by interacting with F-actin. GAP-43 is also expressed by glia, includ-

ing ACs, oligodendrocytes and non-myelinating SCs (Curtis et al., 1992; da Cunha and 

Vitkovic 1990). Terminal SCs at the motor end plate show increased levels of GAP-43 

expression following denervation, which is accompanied by the formation of long proc-

esses in SCs (Woolf et al., 1992). In addition, overexpression of GAP-43 in non-

neuronal cell lines resulted in the formation of filopodia (Zuber et al., 1989). This indi-

cates that the observed effects of GAP-43 knockdown in SC cluster formation may be 

due to a role of GAP-43 in regulating cytoskeletal rearrangement required for cellular 

migration or aggregation. GAP-43 might therefore be an important component of the 

intracellular molecular pathway underlying SC clustering.  

 P75 is a member of the tumor necrosis factor receptor superfamily and is ex-

pressed by both neurons and glia. The function of this receptor is complex. P75 can both 

function autonomously and as a co-receptor and is involved in many different signaling 

pathways (Gentry et al., 2004; Roux and Barker 2002). By binding neurotrophins, p75 is 

involved in the stimulation of neurite outgrowth, but also in the induction of apoptosis 

or cell survival. On the other hand, p75 interacts with the Nogo-66 receptor and is in-

volved in the signal transduction of myelin-associated growth inhibitory factors (Wang 

et al., 2002).  

 P75 is a well-known marker for both OEG and SCs. Although p75 was expressed 

by both cell types in our experiments, the expression level in cOEG was only 13% of the 

expression level in cSCs, which indicates that p75 is differentially regulated between 

both cell types. Following peripheral nerve injury as well as olfactory nerve injury, p75 

expression is increased in SCs and OEG (Gong et al., 1994; Johnson et al., 1988; Turner 

and Perez-Polo 1993). In OEG, p75 expression is implicated in the neurite outgrowth-

promoting properties of the cell (Kumar et al., 2005; Ramon-Cueto et al., 1993). In SCs, 

the expression of p75 was suggested to be involved in the binding of neurotrophins in 

order to guide axons along the SCs (Johnson et al., 1988; Zhou and Li 2007). P75 is also 
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 important in the myelination of axons (Zhang et al., 2000). Interestingly, in p75 knock-

out mice, considerably less SCs are present along growing axons during development, 

which suggested a function of p75 in SC migration. SC migration was also significantly 

reduced in dorsal root ganglia from p75 knockout mice in vitro (Bentley and Lee 2000). 

In addition, p75 can change the organization of actin filaments and is implicated in filo-

podia formation of neuronal growth cones (Gallo and Letourneau 2004). The role of p75 

in SC migration and cytoskeletal regulation could explain the effects of p75 knockdown 

on SC clustering in our cluster assay. In conclusion, p75 may be involved in cluster for-

mation of SCs by controlling cytoskeletal dynamics. However, the multifaceted and di-

verse functions of p75 in the nervous system may complicate further validation of this 

target in vivo.  

 In OEG cluster assays, knockdown of none of the tested genes resulted in the 

formation of OEG clusters. There are two possible explanations for these results. First, 

the tested genes may not be involved in the property of OEG to mix with MCs. Second, 

the failure of detecting effects may be related to the complex molecular mechanism un-

derlying cluster formation. Our OEG cluster assay was based on the hypothesis that one 

or more genes, higher expressed in cOEG than cSCs, function as key genes in the mo-

lecular pathway(s) underlying the ability of OEG to intermingle with MCs. Silencing 

one of these key genes will then disturb this pathway and subsequently results in a 

change of the interaction properties of OEG with MCs, presumably detectable as cell 

aggregation. However, a disruption of the intermingling capacity possibly results in mi-

nor phenotypic effects on mutual adherence or cellular morphology rather than cell clus-

tering. To induce cell clustering, activation of multiple genes may be required. It will 

therefore be less feasible to induce clustering by the knockdown of a single gene than to 

disrupt clustering, such as in the SC-cluster assay. An additional complicating factor 

with respect to the cluster assays is the duration of the assays. During the time period of 

5 days, compensatory mechanisms that prevent clustering may be activated.       

 

Conclusion 

Our medium-throughput screening approach revealed 7 novel genes potentially involved 

in the neurite outgrowth-promoting properties of OEG and 2 genes in MC-induced SC 

clustering. The 7 genes identified in the outgrowth assay are distinct types of molecules 

with diverse functions, which suggests that several molecular pathways are involved in 

OEG-mediated neurite outgrowth stimulation. Overexpression studies will be performed 

to determine whether the observed effects of on-target hits can be reversed. Ultimately, 

the actual potential of the identified hits to improve spinal cord repair will have to be 

investigated in in vivo studies.     



Chapter 6 

Summary and general discussion 
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 1. Summary 

In the adult mammalian spinal cord, nerve tracts do not regenerate following injury. The 

inability to re-establish functional connections is caused by both the lack of a sufficient 

growth response in central nervous system (CNS) neurons and by the formation of a 

neural scar at the lesion site that forms a major obstacle for regrowing axons. In contrast 

to the regenerative failure of the spinal cord, the primary olfactory nervous system is 

able to recover from injury. Following a lesion to the neuroepithelium, primary olfactory 

neurons project new axons towards the olfactory bulb to reconnect with CNS neurons in 

the glomeruli. The regenerative potential of the olfactory system is based on two unique 

characteristics. First, primary olfactory neurons are continuously replaced by new neu-

rons that originate from stem cells located at the basal part of the epithelium. Neuro-

genesis is enhanced after the massive loss of olfactory neurons as a result of injury. Sec-

ond, the olfactory axons are enfolded by olfactory ensheathing glia (OEG), which play 

an important role in providing a growth-supportive environment for the axons. OEG in 

the olfactory nerve layer (ONL) facilitate the entrance of axons into the CNS and con-

tribute to axonal outgrowth and targeting. Since OEG are believed to play a significant 

role in the successful regeneration of the olfactory system, several studies focused on the 

potential of OEG to promote regeneration in the injured spinal cord as well. OEG trans-

plantation studies in various experimental spinal cord injury models indeed resulted in 

increased axonal sparing and sprouting and an improved functional outcome. Further-

more, OEG reduced the formation of cavities and they intermingled with astrocytes 

(ACs) at the lesion site. This is a pronounced difference with Schwann cells (SCs), 

which induce increased hypertrophy of ACs. In Chapter 1, the function of OEG in the 

regeneration of the olfactory system as well as the effects of OEG after transplantation 

in the spinal cord are reviewed extensively. 

 Several growth-promoting molecules and extracellular matrix molecules have 

been identified that are probably involved in the neuroregeneration-promoting properties 

of OEG. To identify novel molecular mechanisms that are involved in the neuroregen-

eration-supporting effects of OEG, we have first studied the transcriptional changes in 

OEG following an injury to the olfactory system as well as transcriptional differences 

between cultured OEG, cultured SCs and native OEG (directly isolated from the ONL). 

Second, we have undertaken a medium-throughput screening approach to functionally 

validate identified target molecules. The different steps in the target discovery and vali-

dation process are schematically summarized in the upper part of Fig. 1.  

 In the ONL, we analyzed gene expression profiles following a lesion of the neu-

roepithelium (Chapter 2). Functional data mining revealed that the main biological proc-

esses, overrepresented within the differentially expressed genes, were immune response 

and cholesterol biosynthesis. A pathway analysis of the genes revealed the coordinated 
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Figure 1 Schematic representation of the different steps of our experimental strategy em-

ployed in the process of target discovery and validation in OEG. The first 6 steps above the 

dashed line have been performed in this thesis and the chapters in which each step is de-

scribed are indicated. See the legend of figure 4 in the scope and outline of this thesis for a 

description of these steps. In order to confirm on-target effects of the hits identified in the 

functional screens, genes will be further validated by testing the individual siRNAs from 

each pool and by determining mRNA and protein knockdown levels (step 7). Next, overex-

pression effects of the hits identified in the outgrowth assay will be studied to determine 

whether the knockdown effects on neurite outgrowth can be reversed (step 8). This is impor-

tant for in vivo validation (step 9a) in a spinal cord injury model, since the 7 hits from the 

outgrowth-assay are potentially involved in outgrowth stimulation and should therefore be 

overexpressed to improve the effects of OEG transplants. In parallel to the in vivo validation 

of the hits, the molecular mechanisms underlying the observed effects will be investigated 

(step 9b). Molecules that are functionally validated in vivo and of which the molecular path-

way is elucidated may form the basis for novel therapeutic intervention studies in traumatic 

spinal cord lesions.  
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 expression of genes involved in complement system activation and phagocytosis of cel-

lular debris. This suggested that OEG in the ONL contribute to the regeneration process 

by removing axon debris and thereby clearing the pathway for new axons. The down-

regulation of many cholesterol biosynthetic enzymes and concomitant upregulation of 

genes involved in cholesterol efflux indicated local cholesterol recycling as part of the 

phagocytosis process. Cholesterol may be transported out of the cell where it is incorpo-

rated in lipoproteins and taken up by nearby axons, which are not able to synthesize cho-

lesterol themselves. In addition, several extracellular matrix (ECM) and cell adhesion 

molecules showed a characteristic profile of downregulation followed by upregulation in 

time, which may represent the initial loss of axonal contact and the subsequent synthesis 

of new ECM to support the growth of new axons. Some ECM-associated genes are asso-

ciated with the invasive potential of tumors, which suggested that the creation of a per-

missive environment for axonal outgrowth may be similar to the creation of a permis-

sive environment for tumor invasion. Most of the differentially expressed ECM and cell 

adhesion molecules have not been reported before in relation to regeneration of the ol-

factory system and these proteins may represent novel molecules involved in the axonal 

outgrowth-supporting properties of OEG.  

 In addition to OEG in their natural environment, we studied the gene expression 

profile of cultured OEG just before they would be transplanted in the spinal cord. The 

transcriptome of cultured OEG was compared to the transcriptome of cultured SCs and 

to native OEG, obtained from the intact ONL (Chapter 3). GO overrepresentation analy-

sis showed that GO-classes related to tissue repair, such as ‘response to wounding’, 

‘blood vessel development’, ‘cell adhesion’ and GO-classes associated with the ECM 

were overrepresented within the differentially expressed genes of both comparisons. A 

comprehensive literature study of the genes belonging to these GO-classes indicated that 

cultured OEG have tissue repair properties that are distinct from SCs and from native 

OEG. With respect to the effects of OEG and SCs after transplantation in the spinal 

cord, it is important to know the interaction behavior of both cell types with cells from 

the neural scar. The neural scar consists mainly of ACs but, when the injury causes a 

rupture of the meninges,  proliferating meningeal cells invade the lesion site and form an 

important component of the neural scar as well. As mentioned before, whereas OEG and 

ACs are able to intermingle, SCs and ACs form separate territories upon cellular contact 

and ACs become highly hypertrophic when in contact with SCs. Little is known about 

the interaction effects of OEG and SCs with MCs and we therefore studied the interac-

tion behavior of OEG and SCs with MCs (Chapter 4). OEG intermingled with MCs in 

cocultures, comparable to the intermingling behavior of OEG with ACs. However, in 

cocultures of SCs and MCs, SCs aggregated and eventually formed dense clusters. Our 

data suggested that both secreted factor(s) as well as cellular contact play a role in MC-

induced cluster formation of SCs. 
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  The ultimate aim of this thesis was to discover novel molecules that play a role in 

the neuroregeneration-promoting properties of OEG (Chapter 5). We focused particu-

larly on two specific properties of OEG, namely their neurite outgrowth-promoting 

properties and their intermingling properties with MCs as compared to the cluster for-

mation of SCs. We selected 178 target genes from the two microarray experiments on 

OEG in the ONL following a lesion and on cultured OEG that potentially played a role 

in stimulating neurite outgrowth or in the different interaction behavior of OEG and SCs 

with MCs. The cocultures, as described in chapter 4, were scaled down and used as a 

bioassay to measure cluster formation. In addition, an outgrowth bioassay was estab-

lished consisting of dissociated DRG neurons plated on OEG. The expression of an ini-

tial set of 60 genes was silenced by siRNA-mediated gene knockdown in one or both 

bioassays to study the role of each individual gene in the outgrowth-promoting proper-

ties of OEG or in the interaction behavior of either OEG or SCs with MCs. We identi-

fied 7 genes that showed an effect in the outgrowth assay and 2 genes that showed an 

effect in the SC-cluster assay. These genes are potential novel molecules involved in the 

molecular mechanisms underlying neurite outgrowth stimulation by OEG and the differ-

ent interaction behavior of OEG and SCs with MCs.  

 

 

2. High-throughput target validation in cell-based screens 

High-throughput screening is a rapidly developing field in biology. High-throughput 

screening opens the possibility of investigating gene expression and gene function in a 

specific biological process of hundreds or thousands of genes simultaneously. Until the 

end of the last century, molecular mechanisms were mainly studied in a reductionistic, 

hypothesis-driven approach. In this approach, molecular mechanisms underlying a bio-

logical process are investigated by studying the role of genes individually. Large scale 

screening techniques offer the opportunity to study biological systems from a holistic 

point of view. A complete view of all genes that show an interesting expression profile 

can be obtained with microarrays and subsequently, all genes that are functionally in-

volved can be discovered by high-throughput functional validation methods in cell cul-

ture models.  

 The work presented in this thesis can be considered as a novel target finding ap-

proach for neuroregeneration that involved genome wide screening and functional vali-

dation technology. The shape of a tapering funnel in Fig. 1 represents the reduction of 

the number of genes remaining after each step in the target discovery and validation 

process; starting with large scale gene expression profiling, followed by more and more 

focus on only those genes potentially involved in the neuroregeneration-promoting prop-

erties of OEG. At present we are in the process of validating target molecules and con-
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 firming the first hits (dashed line in Fig. 1). In this section, the strength and limitations 

of target validation in bioassays as employed in this thesis will be discussed in the con-

text of the literature.  

 

2.1. Development of bioassay 

Perhaps the most crucial step in the target validation process is the development of a 

powerful and reliable bioassay. Complex biological processes need to be simplified in 

sub-processes, that can be modeled in cell-based assays. An ideal bioassay models the 

process of interest as accurate as possible, while still being robust, sensitive and repro-

ducible (Echeverri and Perrimon, 2006). In other words, the actual mechanism that is 

studied in the bioassay should be a reliable reflection of the in vivo process. This can be 

accomplished to some extent by the use of primary cells instead of cell lines (Eggert and 

Mitchison, 2006), but bioassays will always be a compromise and most bioassays obvi-

ously have their limitations. Bioassays need to be miniaturized and must be scalable. 

The need to scale-up pleads against the use of primary cells, as primary cells are usually 

difficult to expand. Furthermore, the duration of the response measured in the bioassay 

is important. Live-cell kinetic analysis is possible by capturing time-lapse images or 

alternatively, multiple time points can be measured by including different time points 

(Abraham et al., 2004; Inglese et al., 2007). Another essential part of the development of 

image-based assays is the method of screening (Krausz, 2007). Automated image analy-

sis provide the opportunity to measure multiple physiological parameters simultane-

ously, so called High-Content Screening (Carpenter, 2007). Crucial in the utilization of 

commercial image analysis software is the choice of an appropriate algorithm. Espe-

cially in assays consisting of less-defined phenotypic alterations, it is important to thor-

oughly evaluate the results of the screening by visual inspection. Thus, the modeling of 

the specific biological process of interest will always be weighed against practical issues 

of the bioassay. 

 In our functional validation paradigm, we focused on two specific aspects of the 

neuroregeneration-promoting effects of OEG, i.e the neurite-outgrowth supporting prop-

erties and the different interaction behavior of OEG and SCs with MCs. Although we 

modeled these two biological processes as best as possible by using primary cells in 

both bioassays, it is important to recognize and consider the restrictions of our assays. 

First, since we used primary cells for the bioassays, the level to which we could scale up 

was limited and our functional validation assays can therefore be considered as a me-

dium-throughput screen. A second limitation of our assays regarding high-throughput 

properties is the focus on the interaction between two different cell types. Especially in 

the cluster assays, formation of cell clusters is a complex, multifaceted process, which 

could be influenced by minor variations in for instance cell density of both cell types 
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 (Chapter 4). The use of two different primary cell types may introduce a significant de-

gree of variability. To circumvent this difficulty, an alternative for future experiments 

might be the use of conditioned medium in the cluster assays. As demonstrated in chap-

ter 4, conditioned medium of MCs induced cluster formation of SCs as well. Potential 

variation that might be introduced by the addition of MCs will probably be diminished 

by the use of conditioned medium instead of cocultures of two cell types. The third con-

sideration concerns the extent to which the outgrowth and cluster assays model the ac-

tual in vivo process. Our final goal is to identify molecules involved in the neuroregen-

eration-promoting properties of OEG in the olfactory system and of OEG transplanted in 

the injured spinal cord. The in vivo situation is in many respects different and much 

more complicated than the conditions in the bioassay. Embryonic DRG neurons are dif-

ferent from primary olfactory neurons or neurons derived from the CNS in their sensi-

tivity and responsiveness to growth-promoting factors. Moreover, the injured primary 

olfactory system and in particular the injured spinal cord constitute complex molecular 

and cellular microenvironments. OEG in the ONL and transplanted OEG in the lesion 

site are confronted with different cell types expressing a myriad of molecules that cer-

tainly influence the OEG-mediated effects on neurite outgrowth. Also the cluster assays 

represented a simplified reflection of the in vivo situation. The interaction behavior of 

transplanted OEG or SCs with MCs in the neural scar is almost certainly affected by the 

presence of other cell types, such as for example hypertrophic astrocytes. Moreover, cell 

motility will be influenced by the three-dimensional dense structure of scar tissue.  

 On the other hand, the simplification of complex processes into one specific sub-

process is also the strength of a bioassay. Cultured OEG have the intrinsic capacity to 

stimulate neurite outgrowth, which becomes apparent in culture as the exclusive pres-

ence of OEG is sufficient for DRG neurons to survive and grow neurites. After trans-

plantation in the spinal cord, the effect of molecules potentially involved in this intrinsic 

outgrowth stimulation may be overruled by the growth-inhibitory factors that are present 

in the neural scar. Thus, the hits identified in our functional validation assays would 

probably not have been discovered in this complex situation, but could only be identi-

fied in a simplified culture bioassay. The current challenge is to employ these hits for 

therapeutic strategies to improve the regeneration-promoting properties of OEG in a 

complex environment such as the injured spinal cord. This will be discussed in section 

4.  

  

2.2. siRNA as tool for target validation 

In cell-based screens, RNA interference (RNAi) has become a powerful tool for large 

scale functional discovery by targeting genes individually (Carpenter and Sabatini, 

2004; Echeverri and Perrimon, 2006; Krausz, 2007; Moffat and Sabatini, 2006). RNAi 
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 is a post-transcriptional gene silencing mechanism induced by double-stranded RNA 

(dsRNA) molecules and resulting in cleavage and degradation of the target mRNA. In 

mammalian cells, long dsRNA appeared to activate the interferon pathway resulting in 

non-specific degradation of mRNA (Sledz et al., 2003). Synthetic siRNAs or short-

hairpin RNAs (shRNAs) are therefore commonly used in mammalian cells. Chemically 

synthesized siRNAs are directly incorporated into the RNA-induced silencing complex, 

whereas shRNAs are first cleaved into siRNAs at the base of the loop. Transduction of 

cells with a virus containing a shRNA-expressing cassette results in stable integration 

and long-term gene suppression (Brummelkamp et al., 2002; Root et al., 2006). siRNAs 

on the contrary have transient silencing effects, since siRNAs are unstable and become 

diluted when cells divide. Silencing efficiency can therefore be influenced by the time 

window of screening and the proliferation rate of the cells. Furthermore, low-turnover/

persistent proteins or high-turnover transcripts may be difficult to target. In this context, 

it is important to realize that gene knockdown does not mean gene knockout (Echeverri 

and Perrimon, 2006). The level of knockdown required to induce a phenotype is depend-

ent on the type of protein. Partial knockdown could therefore result in useful and inter-

esting phenotypic changes but also in false negatives.  

 In the experimental design of the bioassays, we have attempted to minimize the 

likelihood of identifying false positives and false negatives. For instance, knockdown 

effects were analyzed in 3 independent runs and assays were screened in time by analyz-

ing 3 or 4 different time points. Furthermore, as mentioned above, the knockdown effi-

ciency will be dependent on the turnover rate of the gene. Hence, an important aspect in 

designing the bioassay is the time period between siRNA transfection and screening, 

since the maximal silencing effects can vary between 48 hours and 96 hours after trans-

fection (Krausz, 2007). In the outgrowth assay, the time period between siRNA transfec-

tion and screening was 72 hours. In this assay, the screening starts directly after adding 

DRG neurons and lasts for only 8 hours. The cluster assay is more complicated since 

cluster formation is a process of a few days instead of hours. We therefore decided to 

start the cocultures already at 2 days after transfection to reach maximal knockdown at 

the initiation of cluster formation. 

 As mentioned in chapter 5, the major challenge of the use of siRNAs in func-

tional validation screens is the risk of identifying false positives due to off-target effects 

(Echeverri et al., 2006; Jackson et al., 2003; Lin et al., 2005). Specifically, perfect 

matches between positions 2 to 7 of the guide strand (the seed region) and the 3’ un-

translated region of the mRNA have been shown to mediate specific off-target effects 

(Birmingham et al., 2006; Jackson et al., 2006b). Minimizing sequence complementarity 

with the seed region by rational design of siRNAs and also chemical modifications of 

both the sense and antisense strand reduce the chance of off-target effects, but it can not 

be completely eliminated (Jackson et al., 2006a). A complicating factor in the outgrowth 
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 assay is that the cell type in which the expression of a gene is knocked down is different 

from the cell type in which we measure an effect. We silenced gene expression in OEG 

and investigated an effect of this knockdown in DRG neurons. An off-target effect in 

OEG influencing cell survival or inducing toxicity (Fedorov et al., 2006) will definitely 

result in a reduced neurite outgrowth of DRG neurons, since a confluent monolayer is 

essential as substrate for growing neurites. Therefore, the probability of identifying off-

target phenotypes may be higher in our coculture bioassays then when the siRNA-

targeted cell itself is measured for an effect. Mesothelin for example appeared to influ-

ence cell survival of OEG. Analyzing the effects of each individual siRNA for meso-

thelin demonstrated that the observed cell death was probably caused by a specific on-

target effect since 2 individual siRNAs had a similar result. This suggested that meso-

thelin as a cell adhesion molecule may be essential in the formation or maintenance of a 

confluent monolayer of OEG. So far, 3 of the 7 hits were confirmed with the individual 

siRNAs. In addition to testing the single siRNAs, it will be essential to determine actual 

mRNA and protein knockdown levels to confidently exclude the possibility of identify-

ing off-target phenotypes for all identified hits.  

 Importantly, RNAi screens are entirely based on identifying loss-of-function phe-

notypes. The contribution of genes in inducing cluster formation was only studied by 

reducing gene expression. In the cluster assay, none of the genes knocked down in OEG 

resulted in increased cluster formation. As discussed in chapter 5, this may be related to 

the fact that cluster formation is a complex process that requires activation of many 

genes which can not be induced by silencing just one single gene. Conversely, abolish-

ing cluster formation might be more feasible. Despite the unsuccessful results of gene 

knockdown in OEG, gain-of-function by overexpression of a candidate gene would thus 

certainly complement our screening approach.   

 

 

3. OEG: a source of neuroregeneration-promoting molecules? 

What can we conclude about our hypothesis concerning the OEG as a source of regen-

eration-promoting molecules? To get more insight into the identity of these molecules, 

we have in fact undertaken an assumption-based (chapter 5) and an assumption-free 

(chapter 2 and 3) approach.  

 In the assumption-based approach, we used prior knowledge concerning the abil-

ity of OEG to support neurite outgrowth and the ability of OEG to intermingle with 

MCs. This approach involved the experimental strategy of target validation as outlined 

in Fig. 1. From the 52 target genes tested in the outgrowth assay, 7 novel molecules 

were identified potentially involved in the neurite-outgrowth promoting properties of 

OEG. These 7 hits are genes belonging to different gene families and with divergent 
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 functions. We identified for example a cell adhesion and an ECM molecule, but also 

transmembrane receptors and a serine protease inhibitor. This may indicate that the 

OEG-mediated neurite outgrowth stimulation involves various coordinated molecular 

mechanisms. In the cluster assays, only 2 of the 25 genes that were tested, showed an 

effect. Both genes were potentially involved in the MC-induced cluster formation of 

SCs. No genes were identified involved in the intermingling properties of OEG with 

MCs. The low number of hits in the cluster assays was probably related to the complex-

ity of the cluster assays as also discussed above. Furthermore, in the time course of 5 

days, the effect of silencing only one gene might be compensated by other genes that are 

still expressed.    

 In the assumption-free approach, cluster analysis and GO-analysis of the global 

gene expression patterns of OEG in the injured olfactory system and in culture revealed 

that OEG were associated with processes other than strictly stimulating axonal out-

growth. In the olfactory system, although a number of ECM and cell-adhesion mole-

cules were identified that could be directly involved in OEG-mediated neurite outgrowth 

stimulation, no GO-classes were overrepresented associated with the proposed ability of 

OEG to stimulate and guide the growth of new axons. GO analysis indicated that OEG 

are involved in the innate immune response, phagocytosis and cholesterol metabolism. 

This suggested that OEG contribute to a rapid removal of debris and that this may facili-

tate the growth of new axons. Also GO-analysis on OEG in culture indicated that OEG 

support and facilitate processes that more indirectly contribute to neuroregeneration. 

OEG in culture appeared to express genes mainly involved in processes related to tissue 

repair, such as wound healing, blood vessel development and ECM formation and/or 

remodeling. After transplantation in the injured spinal cord, OEG may play an important 

role in creating a more growth-permissive environment for regenerating axons by their 

ability to intermingle with host tissue cells and by their tissue repair-promoting proper-

ties.  

 Thus, our view of OEG as a source of regeneration-promoting molecules should 

be broadened. Our results indicate that, in addition to directly promoting axonal regen-

eration, OEG may contribute to processes more indirectly associated with neuroregen-

eration, such as phagocytosis, cholesterol recycling and tissue repair. 

 

3.1. The ‘activated’ state of OEG 

In the microarray experiment on cultured OEG (chapter 3), we compared the gene ex-

pression profiles of OEG in culture and of native OEG directly obtained from the ONL. 

The rationale behind this comparison was to identify gene expression changes as a result 

of OEG activation. OEG in culture, harvested at a time they would normally be prepared 

for transplantation in the injured spinal cord, were considered as activated OEG with a 
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 gene expression profile that defines their neuroregeneration-promoting state. Since OEG 

in the injured olfactory system are also in an activated, repair-promoting state, we pre-

dicted to find overlap between both expression profiles. Genes upregulated in OEG fol-

lowing an injury in the olfactory system as well as in culture may represent the neu-

roregeneration-promoting state of OEG. However, a hierarchical cluster analysis of all 

data showed that, based on gene expression profiles, the activated OEG in the ONL is 

very different from the activated OEG in culture (Fig. 2). This is consistent with the GO 

analyses on OEG in the injured olfactory system (chapter 2) and in culture (chapter 3), 

which did not show overlapping GO-classes. Although for example complement compo-

nents or extracellular matrix and cell adhesion molecules as ‘gene group’ were differen-

tially expressed in both studies, the individual genes belonging to these families were 

largely different or genes were downregulated in cultured OEG instead of upregulated 

(see chapter 2 and 3). From the complement components, only complement component 

3 is upregulated in both the ONL and cultured OEG.  

 Thus, the neuroregeneration-promoting state of OEG in their natural environment 

is distinct from the activated state of OEG in culture. This may have consequences for 

the outgrowth assay as a model for activated OEG in the injured olfactory system. A 

number of the target genes identified in the ONL were not expressed in cultured OEG or 

were expressed at very low levels. These target genes could however still be important 

in the stimulation of axonal growth by cultured OEG, since these genes may be upregu-

lated when cultured OEG are in contact with axons.  

 In conclusion, the transcriptional changes induced in OEG following an injury in 

the olfactory system are distinct from the transcriptional changes induced as a result of 

Figure 2 Dendrogram of cluster analysis of gene expression data on OEG in the regenerating olfac-

tory system at the 8 different time points and on cultured OEG. Data were hierarchically clustered 

with hclust using average linkage and the euclidean distance method in R.   
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 culturing (an experimental procedure necessary for the preparation of cells for transplan-

tation in the spinal cord). This suggests there are different modes of ‘the activated 

OEG’. Although we have not investigated the gene expression profile of OEG after 

transplantation, comparing the two GO-analyses in chapter 2 and 3 suggests that the 

neuroregeneration-promoting mechanisms of OEG in their natural environment are dif-

ferent from the repair-promoting mechanisms of OEG implanted in the spinal cord. The 

biological processes that are activated are probably dependent on the environmental 

conditions. This adaptability of OEG may indicate that OEG show a high level of mo-

lecular plasticity by turning on different gene expression programs in response to differ-

ent environments. This may be an important difference with SCs, since cultured OEG 

express more and a wider variety of genes than cultured SCs. Molecular plasticity of 

OEG is also demonstrated by their potential to remyelinate spinal cord axons, since 

OEG do not myelinate olfactory axons in their natural environment (Sasaki et al., 2006).   

 

 

3.2. Biological processes contributing to the neuroregeneration-promoting ef-

fects of OEG 

As described above, OEG in the ONL following an injury to the neuroepithelium poten-

tially play an important role in phagocytosis to clear the olfactory axon pathway from 

debris. It has been suggested before that OEG can phagocytose axon fragments follow-

ing an injury to the olfactory system (Chuah et al., 1995; Li et al., 2005a; Vincent et al., 

2005; Wewetzer et al., 2005). To corroborate that the OEG indeed phagocytose cells, it 

is essential to show the cellular localizations of mRNA and/or protein by in situ hybridi-

zation and immunohistochemistry from differentially expressed genes involved in the 

sub-processes of phagocytosis, including the recognition of axonal debris, engulfment 

and the exocytosis of waste material (Ravichandran and Lorenz, 2007). Similarly, it will 

require further studies to confirm that the biological processes identified in cultured 

OEG indeed contribute to the repair-promoting effects of transplanted OEG in the in-

jured spinal cord. This can be achieved to a certain extent by in situ hybridization and/or 

immunohistochemistry on OEG after transplantation to corroborate gene expression 

identified in culture.  

 The assumption-free approach revealed additional characteristics of OEG that 

may contribute to their neuroregeneration-promoting properties. From the identified GO

-classes, the GO-classes related to tissue repair might be very interesting with regard to 

the effects of OEG as therapeutic transplants in spinal cord injury. GO-classes related to 

wound healing and GO-classes related to the ECM may yield promising novel target 

genes for our target discovery and validation approach. However, processes like tissue 

repair and wound healing are too complex to model in a bioassay. Although wound 
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 healing screens have been performed, these screens always focused on sub-processes 

such as cell migration or phagocytosis (Yarrow et al., 2004; Yarrow et al., 2005). We 

believe an essential sub-process in the tissue repair properties of cultured OEG, distinct 

from SCs, is the assembly, degradation and remodeling of the ECM. This may underlie 

the proposed ability of OEG to recreate glial pathways in the injured spinal cord to pro-

mote axonal regeneration (Li et al., 2005b; Raisman and Li, 2007) and it may support 

the notion that OEG promote tissue sparing. Since it is impossible to study this process 

in a bioassay, an alternative experiment may be to analyze the ECM produced by cul-

tured OEG. This can be accomplished by lysing the cultured cells, which are then dis-

carded to isolate the ECM (Pflieger et al., 2006). Dissociated DRG neurons could be 

plated on the ECM devoid of cells to investigate potential differences between the ECM 

of cultured OEG and cultured SCs in axonal growth-promoting properties. By compar-

ing protein expression profiles of the ECM of OEG and SCs with proteomics, we would 

be able to identify proteins involved in potential superior growth-supporting properties 

of the ECM formed by OEG.   

 

 

4. Future perspectives: towards a clinical application  

As indicated in the final step in Fig. 1, the ultimate aim of target discovery and valida-

tion in OEG is to discover novel molecules that can be employed for therapeutic strate-

gies to improve central nervous system regeneration. At present however, several steps 

will need to be taken towards a potential clinical application. Our hits were functionally 

validated in vitro. As soon as on-target effects in the bioassays have been confirmed, the 

next step will therefore be to study the effects in vivo (step 9a). In order to improve the 

effects of OEG transplants in the injured spinal cord, the hits identified in the outgrowth 

assay should be overexpressed in OEG. It will be important to first study the effects of 

overexpression in the outgrowth assay to determine whether the knockdown effects on 

neurite outgrowth can be reversed (step 8). The effects on promoting axonal outgrowth 

in the injured spinal cord can be investigated by transducing cultured OEG prior to im-

plantation with a viral vector expressing the transgene. Ex-vivo lentiviral vector-

mediated transduction of OEG transplants resulted in stable transduction and long-term 

transgene expression (Ruitenberg et al., 2002).  

 A promising strategy to improve the regeneration-promoting effects of OEG 

transplants may be to enhance their migratory properties. Several studies have shown 

that transplanted OEG do not migrate extensively but remain at the lesion site (Gomez et 

al., 2003; Lu et al., 2006; Pearse et al., 2007; Ramer et al., 2004). This may be a critical 

limitation of OEG transplants that impedes the stimulation of long-distance growth of 

spinal axons. Overexpressing growth-promoting factors in OEG transplants results pre-
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 dominantly in an enhanced axonal sprouting rather than long-distance regeneration 

(Ruitenberg et al., 2003; Ruitenberg et al., 2005). If it would be possible to induce mi-

gration of OEG from the injection site, OEG might form a bridge crossing the lesion, 

thereby functioning as a scaffold for regrowing axons. SCs may have a higher intrinsic 

potential to migrate regarding their migratory behavior following peripheral nerve re-

generation, but in the spinal cord SC migration is hindered by astrocytes. In view of this, 

the cluster assays may be interesting. As speculated in chapter 4, SC cluster formation in 

the presence of MCs may represent an induced migration of SCs. In contrast to SCs, 

OEG are able to intermingle with scar tissue cells. Identifying the molecules involved in 

MC-induced SC clustering may be employed to enrich the OEG with the migratory be-

havior of SCs, induced by MCs present in the scar.               

 In addition to in vivo validation, the underlying molecular mechanisms or path-

ways will be investigated in the future (step 9b). In fact, ‘pathway analysis’ supports and 

contributes to ‘in vivo validation’ and both steps could be performed in parallel as soon 

as the functional hits are validated. Improving the migratory potential and/or the axonal 

outgrowth-promoting properties of OEG probably requires an intervention in the gene 

expression of not one but a number of genes. Therefore, it is important to understand the 

molecular mechanism of the observed effects by identifying other genes involved and by 

elucidating molecular pathways.  

 

In summary, our target discovery and validation strategy has revealed 9 novel genes 

potentially involved in OEG-mediated neurite outgrowth support and in the different 

interaction behavior of OEG and SCs with MCs. Furthermore, gene expression data 

mining indicated potential additional neuroregeneration-promoting properties of OEG. 

OEG in the olfactory system may function as phagocytes to remove axonal debris. Fol-

lowing transplantation in the injured spinal cord, cultured OEG may exhibit tissue-repair 

characteristics that may underlie their efficacy and their specific interaction with host 

tissue. We can therefore conclude that we should take a broader view on the neuroregen-

eration-promoting properties of OEG. In addition to directly stimulating axonal out-

growth, OEG may also play a role in processes that more indirectly support neuroregen-

eration. The results presented in this thesis not only provide more insight in the neu-

roregeneration-supporting effects of OEG, but the identified molecules and processes 

may eventually form the basis for novel therapeutic intervention studies in traumatic 

CNS-lesions.    
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ADDENDUM 

168 

 Supplementary tables 
 

Supplementary table 1 Search terms for matrix-associated genes (Chapter 2) 

category n Search terms  

matrix-associated 41 adhesion extracellular structure 

  basal lamina integrin 

  collagen laminin 

  cell-(cell|substrate|matrix) adhe|junction  syndecan binding 

  (extracellular|interstitial) matrix  

Genes associated with the extracellular matrix/cell adhesion (matrix-associated) were filtered from 

the set of differentially expressed genes (n=819) with the represented search terms. This resulted in 

41 matrix-associated genes (n). 

Supplementary table 2 Primer list for qPCR (Chapter 2 and 3) 

Gene AccNo forward primer reverse primer 

Agt NM_134432 TCCTTGGAGATGGCGCTAAC CCTATACAGAGTGCCAGCTCCTG 

Anxa3 NM_012823 TATTTGGCTTAGGAAGTTGGAATCTG AATACAAAAATTACATTTAGCAAAGGCA  

Anxa5 NM_013132 CCATATTACCTTGAACGGAACCTTA TAATTTTTCAGGTCAGCTAGAGCACT 

Apln NM_031612 TGACAAATGTTGTCTTCAGCCATA TTGTATTGAACTCCTCGCATTTTATT 

Apod NM_012777 GCTCCAGGTTATTTCTTCGCTTT GCCACCTTCCCATCAGTCC 

Artn NM_053397 GTTCATGGATCCCAGCTCTACAG CAATATATCTCCTCAAAATGCACTCC 

BE121160 BE121160 CATAGTTGTACTTTTCCTAAGAGAG-

CAACATA 

ACAGACAAGACTTTTCAACAGATTTTA 

AATA 

Bgn NM_017087 CCAGTCCCTGCACAAACAAATATA GGACAATATGGATAGGATTCTGGG 

BQ205363 BQ205363 TACACTTTAAATATGTGCGTGTGGGT TGGAGGAAGAGTATCTTAGGGTGC 

C3 NM_016994 CAGCCTGAATGAACGACTAGACA CATCAAAATCATCCGACAGCTCT 

Cck NM_012829 TTATTTATTAAGTCCCCAATGTGAAAT 

CT 

AAATCTCTTTAATAGCATAGCAACATTA 

GGT 

Cd3612 NM_054001 GAACTGCAGATGAAAGGGCAC GCCCGTGAGGATGCAGG 

Cdrap NM_030852 TGTTATCCCTGCAGTTACCCTTC AACATTCTTTGTACATGCCCACC 

Clu NM_012679 GTTGCTGCAGACCCCTAGAGAA CAAGTGCAGGCATTAGAGTACAGAA 

Cntf NM_013166 TGCTTTAACCTTCCTGATACTAAGTA 

ACCT 

TCAGTCTTTTCAGAAGTCAACCAAA 

Col11a1 AI599979 GTTGGTCAGATGTTGAAAATAATTA 

CTTTAA 

CTGATACAAGTGGCATAGTCCAAAAT 

Ctgf NM_022266 AATGTAAAATCACTGTTGGCGAAC CCAGTCATAGTCAAAGAAGCAGCA 

Ebf NM_053820 TCTTTTGTAAACCATTAAGCTACACA 

CA 

TTCATTCTCCCCTTACATAGCTTTAAA 

Edg2 NM_053936 TCCTGCAGAGAGTGGCATTCT GCTAACTGGCTCTCCACCTACTTATTT 

Egr1 NM_012551 TTTATTTTACTTCGTACTTGTGTTTGCTT GAAGGATACACACCACATATCCCAT 

Fen1 NM_053430 GAGGAGTCTGGCGACAACAGAT CACTGTGTTTTCACTCCCTTGC 

Fmod NM_080698 AACCAGGGAGTGCCACATGT CTGAGGACCCTTTATAGAGGCCA 

Fn1 NM_019143 GCTCACTGACCTAAGCTTTGTTGA TCGGTACCCGATAATGGTGG 
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 Fzd1 NM_021266 GGACTGACTGATGGGTGAGAGAA TGAGAGATTTACATTGAACACACTGC 

Gapdh NM_017008 TGCCAAGTATGATGACATCAA-

GAAG 

AGCCCAGGATGCCCTTTAGT 

Gas6 NM_057100 TTACATACGCATATCGCTGCACT GGGTCATGGCAAAACGTTG 

Gfap NM_017009 TGGTATCGGTCCAAGTTTGCA TGGCGGCGATAGTCATTAGC  

Gfra2 NM_012750 CCATATATCCTATGATTTTACT 

CTTTCTTTCA 

TTTACAATAATACATTTTCGCTCATCT 

GT 

Glipr1 AI012463 CCACAGACTTTTTTACATTTCCCA 

GT 

GGCTTGGCTCTCTATCCCTCTT 

Gpnmb NM_133298 TCTATCTCAGCTCATTGAACATAC 

CTG 

TGTCTTTTTAATGAGTATCTTATGTACA-

CACA 

H2afy NM_017182 TGATTAACACAGAGCAGTGGAG 

AGA 

TAATAGTAAAAAGAACGCCACTGGG 

H3 BC087725 CAGACCTGCGCTTCCAGAGT GCCAACCAGATAGGCCTCACT 

Icam1 NM_012967 TGCCTAAATATGGACGCTCACC ATTTTCTCCCAGGCATTCTCTTT 

Igf2r NM_012756 CTTCAGCTCGATGATGCGCT AGCAACACCTTGTTCCACTGACT 

Igfbp2 NM_013122 CCGAGTGCCATCTCTTCTACAA CCTCCACACCCATCACCC 

Igfbp3 NM_012588 TGGTCTGGCAATACAGGGTGT AGATTCCTTTGTGCTCTCAAGGA 

Igsf1 AF322216 TGCTTCTTGACCTCTAACCACCT AATCGCATGCACCAGTAAATCA 

IL1beta NM_031512 CAGAAGAATCTAGTTGTCCGTGT 

GTAT 

ATTCATAAACACTCTCATCCACACAATAT 

Itga1 NM_030994 CTTTAAGTAGCAGCAACCGG AAG AGAGCCAATATAAGGAGCATTAGCA 

Itga7 AA875092 TTATTTCAACATGAAGCCAGCAA CTAACTTCTCCTGTCCCAAGCC 

Jam1 NM_053796 TGGAACTGGTGGCTGTTAGTCA CACACATCTCCTCGATCCATATAAATC 

Lamc1 AW251358 TAGAGCTGACCCAAAGGATGCT GCTGATTGGCTAGTTCCTCTATTATGAG  

Lgals3 NM_031832 ACATAACCCTCACCAGCGCT ATGCAAAGTTTCCCGCTCATA 

LOC301506 BF412392 TGGTGGAAGTCACAGTGCACA CAGCTTTACTGCCAAGCATGC 

Lyz NM_012771 AGAGGATGTTCCCAGT CTTG TG A TTGGTTAGTGTGCATGAAGCTACTTA 

Mag NM_017190 GGGACATGAAATAAATGTC CT 

AATGA 

TTGTTACAGCAACGAGAAAAGTATTAC-

TAA 

Mme NM_012608 TGAGATGCATAATAGTTTT GGTT 

TACAA 

ACGCATGGAGTAACACAGATAAGAGT 

Ncaml1 NM_017345 GAAAGTTTGTGCTGTTGCCCTT GCTTTTATTTTTCTTGGAGTGAGATCA 

Ndr4 NM_031967 TGGTCAGGATGAACTTT TAA TG 

GAG 

AAGGATTTTTGTTTTGCATTTTGTAA 

Nell2 NM_031070 CGCTGTGTCACCGATCCTT CGTGCCGTGCTTGATCC 

Nptx1 NM_153735 TGATTTCATCCAAAACACAA CA 

TGT 

ACTCTAAGTATTGGGCTTGTTTCTCC 

Nrp1 NM_145098 CTGTGCAAAACCAACAGACCTA-

GAT  

GTTCTTGTCGCCTTTCCCTTCT  

Nrp2 NM_030869 TCCGGAGAGATTTCCATCGA  AAAGCCGAGATGGGTTCCA  

Nrxn3 AI059481 ACAACCTGCTACGTGGAGTGAAT TTTTGACAATGACTGCACGTAAGA 

Ntrk2 NM_012731 TTTGTCAGTTGATACCTTTGT GC A CCGATCTGGTTACCTTCCCAA 

Ntsr2 NM_022695 CAACAGAGTTGAAGAATAGGA A 

CCGT 

TAAAATTTATTGAGTAGTGACTATGTAC-

CAGG 

Olfm1 NM_053573 AGTTCATGTTGATAATAACCCAGT 

GAAAT 

CAAGATGCGTCCTTCCCATC 

Omp NM_012616 TGCCATGGATTGGAATGAGG CGCCAAAGGTGATGAGGAAA 
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 Paihc3 NM_017351 GGACTTCCTAGGGTTCTACGTGGT AAAGTCAAAGGGTTGGAAGAACTG 

Pcdh21 NM_053572 AATGAATCTCCTAGGGTTATTGGCT TTCCAATGAGAGAAAGAGTGTGGA 

Pcolce NM_019237 GACCTGCCCTCTCCAGCTAGT AGGTAACTGGCTCCTTTCTTCATG 

Pcp4 NM_013002 CAATAAAATTGTGAGCAGCTTAATC 

TGT 

TTTTTTCCTCTTACCTCCTTTTTATTACA 

Pdzd4_pred BF399627 ATCTCACTCTCCTTCAGTCACTGGT AGCTGTCCTGGTGGCCTCT 

P-enk-rs NM_017139 GTCTGTATTCTTTTGAGTCTTGAAGC

TC 

CAGAAGGGATGAGGTAACAGACTGTT 

Pmp22 NM_017037 TGTCCTTCTGATGCTAAGAC TCCAG  TTATTTTAATGCATCTTAGTCCACA-

CAGT 

Podxl NM_138848 CTAAAGTACACTGGAATTTATCGA-

GAGACT 

AAAGCATTTTAATTGACGGTGTACG 

Ptk2b NM_017318 GTTTTATTTGTAGAGAAGCTGGTGA-

GATG 

AAACTCACATTAAATAAATTC-

CAATGTACACT 

ptpn6 NM_053908 TCTTGTTGTAATTTAAGTGACCGTGG TTATTTACAAGAAGAGAAGGG TCTGA 

CTC 

Ptpro NM_017336 AACCTCTCGAAGCTATGGGTCA AATAGGAAGAGATAAACCGGCTGA 

Ptprr NM_053594 TCTCTCCCAGTAAGAAGCAGGTG TTTAGAAATTTAAGGTCATGCGTGC 

Qki AA891889 TGTTAAGTTTTTCTCTCATGGCACA TCAAAGGGCAGACATTGCAG 

Rarres1 AA819288 AATACCTGGACCTTCGCGTTT GCCAGCCGAGTTCAGTACTTTCTA 

Rarres1 BG664838 GAGAAATCGAAGAGACAAGAAAAG-

GAT 

GATTATCAGGTATGCTGACGACGT 

RGD15619

16_pred 

BE118454 GTTCTGTGCTAGGCTCCCCA ACTGCCGTACCGAGGATACG 

Rpl31 NM_022506 TAATTTGTTGTGTGGGTCCCAG GAAACACAGCACATTCCAGCA 

Rps24 NM_031112 GCAAACAGCGAAAAGAACGAA CTTTGGCTTTTTGCCAGCA 

RYF3 X60659 GAGATCAAATGACCTTCAGGCAG TGTTTAATGAATCATAAGGATGGGC 

Scap2 NM_130413 GGGAATTCATTGTGATTGT ATCTGA 

AT 

AAAAATAACCCAGTGACTACGAGAAAC 

Serpini1 NM_053779 GAGTTTACATTCTGTGCTAAGACCA 

GTC 

ATTTTTCCTTACAGGCAATACATTTATCT 

Sparcl1 NM_012946 AAGCATATCACCTTGAAGGAATGG GCTCCTACGCGGAAGTGGT 

Stmn1 NM_017166 ACACTCGGTGTGCTGGGTTAA AATGGGTTGGAAGAAGCCACT 

Timp2 NM_021989 TGTCCTCGTAATCACTCTCAAGGTT CGACAGAGAGATGAGCTGTGCT 

TRH NM_013046 GGCAGATGAGGAGGACAGTGA TCTGAGAACCAGGAATCCAGAAA 

Vegfc NM_053653 GATCCGGGACTGTCATTTAGTGA GTTCTAATGTGGCAACAGTTTTTCA 

VGF NM_030997 TGTTCTATTTAATCGTGTGAAGTGTC

TGT 

TTAGCAAAACTATTTCCTCCGTGAG 

Vip AI412212 GCCTATCTGCTTAGCATTCAAACTT TGGGCTTATTTATAGCATGCAGC 

Vtn NM_019156 TGGAGACAAGTACTACCGAGTTA AC 

CTTA 

TGTGGGTGCTGATTCCTACTTCT 

Primer sequences that were used for validation of microarray data with qPCR.    
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  Supplementary table 3 Overrepresented GO-classes ordered by time point (Chapter 2) 

differential expression at 1 dpl   

BIOLOGICAL PROCESS     

GO.ID GO-Term Annotated Significant p-value 

GO:0016126 sterol biosynthetic process 24 11 1.90E-10 

GO:0006955 immune response 278 39 4.40E-09 

GO:0008299 isoprenoid biosynthetic process 11 6 5.30E-05 

GO:0006956 complement activation 23 7 5.40E-05 

GO:0045103 intermediate filament-based process 9 4 1.90E-04 

GO:0002474 antigen processing and presentation of p... 11 4 4.60E-04 

GO:0019884 antigen processing and presentation of e... 12 4 6.70E-04 

GO:0045351 interferon type I biosynthetic process 4 3 1.30E-03 

GO:0030595 leukocyte chemotaxis 24 5 1.46E-03 

GO:0051085 chaperone cofactor-dependent protein fol... 8 3 2.31E-03 

GO:0032147 activation of protein kinase activity 43 6 4.26E-03 

GO:0051092 activation of NF-kappaB transcription fa... 11 3 6.28E-03 

GO:0043123 positive regulation of I-kappaB kinase/N... 35 5 8.07E-03 

GO:0006270 DNA replication initiation 12 3 8.16E-03 

GO:0007416 synaptogenesis 23 4 8.72E-03 

CELLULAR COMPONENT     

GO.ID GO-Term Annotated Significant p-value 
GO:0043005 neuron projection 172 18 3.20E-05 

GO:0005576 extracellular region 1345 72 1.20E-04 

GO:0031226 intrinsic to plasma membrane 704 42 4.10E-04 

GO:0005883 neurofilament 5 3 4.10E-04 

GO:0042611 MHC protein complex 16 4 1.96E-03 

MOLECULAR FUNCTION     

GO.ID GO-Term Annotated Significant p-value 

GO:0001730 2'-5'-oligoadenylate synthetase activity 3 3 4.50E-05 

GO:0005062 hematopoietin/interferon-class (D200-dom... 4 3 1.80E-04 

GO:0004659 prenyltransferase activity 14 4 1.20E-03 

GO:0005501 retinoid binding 13 3 9.86E-03 

differential expression at 3 dpl       

BIOLOGICAL PROCESS      

GO.ID GO-Term Annotated Significant p-value 

GO:0045087 innate immune response 31 8 7.20E-11 

GO:0016126 sterol biosynthetic process 24 7 4.60E-10 

GO:0006958 complement activation, classical pathway 16 6 7.30E-08 

GO:0008203 cholesterol metabolic process 52 7 1.50E-07 

GO:0002474 antigen processing and presentation of p... 11 3 7.80E-05 

GO:0010033 response to organic substance 92 5 8.10E-04 

GO:0008299 isoprenoid biosynthetic process 11 3 1.26E-03 

CELLULAR COMPONENT         

GO.ID GO-Term Annotated Significant p-value 

GO:0005764 lysosome 113 5 1.80E-03 

MOLECULAR FUNCTION        

GO.ID Term Annotated Significant p-value 

GO:0004866 endopeptidase inhibitor activity 79 4 3.07E-03 

GO:0016705 oxidoreductase activity, acting on paire... 80 4 3.21E-03 

differential expression at 6 dpl        

BIOLOGICAL PROCESS       

GO.ID GO-Term Annotated Significant p-value 

GO:0006955 immune response 278 39 5.70E-12 

GO:0016126 sterol biosynthetic process 24 8 1.90E-08 

GO:0030595 leukocyte chemotaxis 24 8 1.90E-08 

GO:0002478 antigen processing and presentation of e... 7 5 8.10E-08 

GO:0002474 antigen processing and presentation of p... 11 5 1.70E-06 
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GO:0006956 complement activation 23 7 2.40E-06 

GO:0001798 positive regulation of type IIa hypersen... 3 3 9.30E-06 

GO:0006952 defense response 286 30 2.00E-05 

GO:0050766 positive regulation of phagocytosis 10 4 3.70E-05 

GO:0008299 isoprenoid biosynthetic process 11 4 3.00E-04 

GO:0050930 induction of positive chemotaxis 7 3 3.10E-04 

GO:0006911 phagocytosis, engulfment 8 3 4.80E-04 

GO:0001775 cell activation 148 19 5.60E-04 

GO:0008285 negative regulation of cell proliferatio... 167 12 6.20E-04 

GO:0030217 T cell differentiation 39 6 1.67E-03 

GO:0009615 response to virus 26 4 2.02E-03 

GO:0043408 regulation of MAPKKK cascade 14 3 2.86E-03 

GO:0010033 response to organic substance 92 7 3.26E-03 

CELLULAR COMPONENT        

GO.ID GO-Term Annotated Significant p-value 

GO:0005615 extracellular space 1196 50 5.70E-07 

GO:0042611 MHC protein complex 16 5 1.30E-05 

GO:0005576 extracellular region 1345 58 1.80E-03 

GO:0005764 lysosome 113 8 2.40E-03 

GO:0030141 secretory granule 57 5 6.40E-03 

GO:0009897 external side of plasma membrane 61 5 8.50E-03 

MOLECULAR FUNCTION        

GO.ID GO-Term Annotated Significant p-value 

GO:0019864 IgG binding 5 4 7.90E-07 

GO:0008009 chemokine activity 28 6 1.60E-05 

GO:0019763 immunoglobulin receptor activity 6 3 1.50E-04 

differential expression at 10 dpl        

BIOLOGICAL PROCESS       

GO.ID GO-Term Annotated Significant p-value 

GO:0016126 sterol biosynthetic process 24 7 2.80E-08 

GO:0045087 innate immune response 31 7 1.90E-07 

GO:0002478 antigen processing and presentation of e... 7 4 1.30E-06 

GO:0001798 positive regulation of type IIa hypersen... 3 3 2.80E-06 

GO:0006956 complement activation 23 6 6.70E-06 

GO:0002474 antigen processing and presentation of p... 11 4 1.20E-05 

GO:0006955 immune response 278 23 2.70E-05 

GO:0050766 positive regulation of phagocytosis 10 3 3.20E-04 

GO:0043408 regulation of MAPKKK cascade 14 3 9.20E-04 

GO:0002504 antigen processing and presentation of p... 9 4 1.14E-03 

GO:0008299 isoprenoid biosynthetic process 11 3 3.97E-03 

GO:0030595 leukocyte chemotaxis 24 3 4.60E-03 

GO:0008285 negative regulation of cell proliferatio... 167 7 9.66E-03 

GO:0010033 response to organic substance 92 5 9.91E-03 

CELLULAR COMPONENT        

GO.ID GO-Term Annotated Significant p-value 

GO:0042611 MHC protein complex 16 5 1.90E-06 

GO:0005615 extracellular space 1196 33 9.40E-05 

GO:0005764 lysosome 113 8 1.70E-04 

MOLECULAR FUNCTION        

GO.ID GO-Term Annotated Significant p-value 

GO:0019864 IgG binding 5 3 2.10E-05 

GO:0004866 endopeptidase inhibitor activity 79 5 3.45E-03 

GO:0005178 integrin binding 30 3 6.60E-03 

GO:0004497 monooxygenase activity 59 4 6.94E-03 

differential expression at 15 dpl         

   

GO.ID GO-Term Annotated Significant p-value 

GO:0030595 leukocyte chemotaxis 24 3 3.20E-04 

GO:0008285 negative regulation of cell proliferatio... 167 5 2.39E-03 

BIOLOGICAL PROCESS     
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CELLULAR COMPONENT        

GO.ID Term Annotated Significant p-value 

GO:0031988 membrane-bound vesicle 233 7 3.80E-04 

GO:0005615 extracellular space 1196 15 4.29E-03 

GO:0005887 integral to plasma membrane 692 10 8.71E-03 

MOLECULAR FUNCTION        

GO.ID Term Annotated Significant p-value 

GO:0005184 neuropeptide hormone activity 20 3 2.30E-04 

differential expression at 20 dpl         

MOLECULAR FUNCTION       

GO.ID Term Annotated Significant p-value 

GO:0019904 protein domain specific binding 140 5 1.90E-03 

differential expression at 30 dpl    

No overrepresented GO classes found    

differential expression at 60 dpl          

BIOLOGICAL PROCESS        

GO.ID  Annotated Significant p-value 

GO:0045892 negative regulation of transcription, DN... 131 6 3.00E-03 

MOLECULAR FUNCTION         

GO.ID Term Annotated Significant p-value 

GO:0005184 neuropeptide hormone activity 20 4 5.00E-05 

GO:0003700 transcription factor activity 507 14 8.10E-04 

GO:0004860 protein kinase inhibitor activity 24 3 1.99E-03 

Genes were filtered based on their differential gene expression, which was defined as absolute 2log 

ratios > 0.5 with p< 0.001. Differential gene expression was based on the comparison with non-

lesioned animals (t=0). The filtered data set was analyzed with topGO in R and the overrepresented 

GO-classes were filtered for p<0.01 and having more than 2 significant members. The tables show 

the overrepresented GO-classes (GO.ID) with their GO terms (GO-Term), how many of these 

classes were present on the microarray (Annotated) and how many of a particular class were found 

as differentially expressed (Significant). 

Supplementary table 4 Go analysis of the trends (Chapter 2) 

trend-1 (182 genes)     

BIOLOGICAL PROCESS        

GO.ID  Annotated Significant p-value 

GO:0045087 innate immune response 31 7 3.90E-07 

GO:0006958 complement activation, classical pathway 16 6 2.30E-06 

GO:0006955 immune response 278 26 8.00E-06 

GO:0002474 antigen processing and presentation of p... 11 4 1.80E-05 

GO:0030595 leukocyte chemotaxis 24 5 3.00E-05 

GO:0002478 antigen processing and presentation of e... 7 3 1.30E-04 

GO:0045103 intermediate filament-based process 9 3 3.00E-04 

GO:0006954 inflammatory response 201 18 1.38E-03 

GO:0030217 T cell differentiation 39 5 5.84E-03 

GO:0010033 response to organic substance 92 6 6.29E-03 

CELLULAR COMPONENT         

GO.ID Term Annotated Significant p-value 

GO:0005615 extracellular space 1196 39 1.80E-06 

GO:0042611 MHC protein complex 16 4 8.80E-05 

GO:0031226 intrinsic to plasma membrane 704 22 1.10E-03 

GO:0005576 extracellular region 1345 46 1.60E-03 

GO:0030141 secretory granule 57 5 1.80E-03 

GO:0043005 neuron projection 172 8 5.20E-03 



ADDENDUM 

174 

 
MOLECULAR FUNCTION       

GO.ID GO-Term Annotated Significant p-value 

GO:0004725 protein tyrosine phosphatase activity 58 5 1.70E-03 

GO:0005184 neuropeptide hormone activity 20 3 3.20E-03 

GO:0004866 endopeptidase inhibitor activity 79 5 6.70E-03 

trend-2 (80 genes)     

No overrepresented GO classes  
   

trend-3 (71 genes)     

BIOLOGICAL PROCESS        

GO.ID GO-Term Annotated Significant p-value 

GO:0016126 sterol biosynthetic process 24 11 2.10E-20 

GO:0008299 isoprenoid biosynthetic process 11 6 1.40E-08 

MOLECULAR FUNCTION        

GO.ID GO-Term Annotated Significant p-value 

GO:0016705 oxidoreductase activity, acting on paire... 80 4 5.20E-04 

trend-4 (49 genes)      

CELLULAR COMPONENT        

GO.ID GO-Term Annotated Significant p-value 

GO:0005764 lysosome 113 4 1.60E-03 

GO:0009897 external side of plasma membrane 61 3 2.50E-03 

trend-5 (38 genes)     

BIOLOGICAL PROCESS        

GO.ID GO-Term Annotated Significant p-value 

GO:0006955 immune response 278 10 2.20E-08 

trend-6 (14 genes)    

AccNo Gene Symbol Gene Description 

M92059 Cfd Complement factor D (adipsin) 

NM_013122 Igfbp2 Insulin-like growth factor binding protein 2 

NM_031658 Msln Mesothelin 

NM_019237 Pcolce Procollagen C-endopeptidase enhancer protein 

BQ211730 RGD1565950_predicted Similar to A disintegrin-like and metalloprotease (reprolysin type) with 

thrombospondin type 1 motif, 2 (predicted) 

BF555960 RT1-Ba RT1 class II, locus Ba 

AA866228 Susd3_predicted Sushi domain containing 3 (predicted) 

NM_021989 Timp2 Tissue inhibitor of metalloproteinase 2 

NM_012676 Tnnt2 Troponin T2, cardiac 

BF288995 Trem2_predicted Triggering receptor expressed on myeloid cells 2 (predicted) 

AI412956   Transcribed locus 

BM388699   Transcribed locus 

AI599232   Transcribed locus 

NM_012679   Replaced by NM_053021: Clusterin 

trend-7 (10 genes)     

AccNo Gene Symbol Gene Description 

NM_017259 Btg2 B-cell translocation gene 2, anti-proliferative 

AA996885 Ccl19_predicted Chemokine (C-C motif) ligand 19 (predicted) 

NM_030845 Cxcl1 Chemokine (C-X-C motif) ligand 1 

NM_012551 Egr1 Early growth response 1 

BF420059 Ier2 Immediate early response 2 

BG377184 Ifitm1_predicted Interferon induced transmembrane protein 1 (predicted) 

NM_012605 Mylpf Myosin light chain, phosphorylatable, fast skeletal muscle 

NM_053587 S100a9 S100 calcium binding protein A9 (calgranulin B) 

AI717509   Transcribed locus, moderately similar to XP_001083129.1  similar to 

dopachrome tautomerase (dopachrome delta-isomerase, tyrosine-related 

protein 2) isoform 3 [Macaca mulatta] 

BE095854   Transcribed locus, weakly similar to XP_001117194.1  similar to Duffy 

blood group isoform 2 [Macaca mulatta] 
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 trend-8 (7 genes)    

AccNo Gene Symbol Gene Description 

NM_031521 Ncam1 Neural cell adhesion molecule 1 

AA891889 Qki Quaking homolog, KH domain RNA binding (mouse) 

AI177115 RGD1311429_predicted Similar to KIAA1267 protein (predicted) 

BF559836 Thbs2 Thrombospondin 2 

BM387134 Tnc Tenascin C 

AA998304   Transcribed locus 

BE103440   Transcribed locus 

trend-9 (5 genes)     

AccNo Gene Symbol Gene Description 

NM_012588 Igfbp3 Insulin-like growth factor binding protein 3 

AI059317 LOC368066 Similar to indolethylamine N-methyltransferase 

AI232716 LOC368066 Similar to indolethylamine N-methyltransferase 

NM_031613 Tmod2 Tropomodulin 2 

BE121160   Transcribed locus 

BE104102   Transcribed locus 

trend-10 (6 genes)      

AccNo Gene Symbol Gene Description 

CA505255 Hyou1 Hypoxia up-regulated 1 

NM_053838 Npr2 Natriuretic peptide receptor 2 

NM_138903 Obp1f Odorant binding protein I f 

NM_053849 Pdia4 Protein disulfide isomerase associated 4 

AI102920 Ube2c_predicted Ubiquitin-conjugating enzyme E2C (predicted) 

AA924528   Transcribed locus 

trend-11 (5 genes)       

AccNo Gene Symbol Gene Description 

NM_053615 Csnk1a1 Casein kinase 1, alpha 1 

NM_053981 Kcnj12 Potassium inwardly-rectifying channel, subfamily J, member 12 

AF031879 Nefh Neurofilament, heavy polypeptide 

NM_134353 Pabpc1 Poly(A) binding protein, cytoplasmic 1 

BM386675   Transcribed locus, moderately similar to XP_001099842.1  similar to 

sterile alpha motif domain containing 9-like isoform 1 [Macaca mulatta] 

The table shows overrepresented GO classes (p<0.01 and significant n> 2) that were found per trend 

(see Figure 12, Chapter 2).  

Supplementary table 5 Matrix associated genes (Chapter 2) 

cluster-1 (14 genes)   

AccNo Gene Symbol Gene Description 

NM_134455 Cx3cl1 Chemokine (C-X3-C motif) ligand 1 

NM_012967 Icam1 Intercellular adhesion molecule 1 

AF322216 Igsf1 Immunoglobulin superfamily, member 1 

NM_031832 Lgals3 Lectin, galactose binding, soluble 3 ; galectin-3 

NM_021767 Nrxn1 Neurexin 1 

NM_053572 Pcdh21 MT-protocadherin 

NM_017318 Ptk2b Protein tyrosine kinase 2 beta 

AI177752 Ptprc Protein tyrosine phosphatase, receptor type, C 

AI144754 Rnd1 Rho family GTPase 1 (predicted) 

NM_054001 Scarb2 CD36 antigen (collagen type I receptor, thrombospondin receptor)-like 2 

NM_053779 Serpini1 Serine (or cysteine) peptidase inhibitor, clade I, member 1 

NM_030991 Snap25 Synaptosomal-associated protein 25 

NM_012881 Spp1 Secreted phosphoprotein 1 

NM_031807 Tpbg Trophoblast glycoprotein 
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 cluster-2 (4 genes)   

AccNo Gene Symbol Gene Description 

BM389959 Itga8 Similar to integrin alpha 8 

BF547769 Loxl1 Lysyl oxidase-like 1 (predicted) 

NM_031658 Msln Mesothelin 

BQ211730 RGD1565950 

_predicted 

Similar to A disintegrin-like and metalloprotease (reprolysin type) with 

thrombospondin type 1 motif, 2 ; ADAM-TS2 

cluster-3 (5 genes)  

AccNo Gene Symbol Gene Description 

NM_133298 Gpnmb Glycoprotein (transmembrane) nmb; osteoactivin 

NM_012598 Lpl Lipoprotein lipase 

NM_145098 Nrp1 Neuropilin 1 

NM_053587 S100a9 S100 calcium binding protein A9 (calgranulin B) 

NM_012759 Vav1 Vav 1 oncogene 

cluster-4 (4 genes)       

AccNo Gene Symbol Gene Description 

BQ203073 Adamtsl5 _predicted ADAMTS-like 5 (predicted); note: thrombospondin, type I domain containing 6 

BF420642 Ecm1 Extracellular matrix protein 1; osteomatrix 

CB547572 Igf1 Insulin-like growth factor 1 

AI704656 Lama5 Laminin, alpha 5 

 

AccNo Gene Symbol Gene Description 

BQ192386 Col27a1 Procollagen, type XXVII, alpha 1 

cluster-6 (3 genes)        

AccNo Gene Symbol Gene Description 

BM384008 Arhgap5 Rho GTPase activating protein 5 (predicted) 

BQ200023 Src Rous sarcoma oncogene 

CB546621 Vezt Vezatin, adherens junctions transmembrane protein 

cluster-7 (3 genes)    

AccNo Gene Symbol Gene Description 

NM_134432 Agt Angiotensinogen 

NM_019156 Vtn Vitronectin 

NM_019156 Vtn Vitronectin (duplicate) 

cluster-8 (3 genes)   

AccNo Gene Symbol Gene Description 

NM_013122 Igfbp2 Insulin-like growth factor binding protein 2 

NM_019237 Pcolce Procollagen C-proteinase enhancer protein 

NM_021989 Timp2 Tissue inhibitor of metalloproteinase 2 

cluster-9 (2 genes)        

AccNo Gene Symbol Gene Description 

NM_031521 Ncam1 Neural cell adhesion molecule 1 

BG381644 Spock2 _predicted Sparc/osteonectin, cwcv and kazal-like domains proteoglycan 2 (predicted) 

cluster-5 (3 genes)       

BF559836 Thbs2 Thrombospondin 2 

BM387134 Tnc Tenascin C 

Genes were extracted from the 819 genes that were differentially expressed after the lesion by regular expres-

sions as stated in supplementary table 1. The clusters shown here in this table were obtained after trend cluster-

ing. For the expression profiles of each cluster see Figure 13, Chapter 2. 

Supplementary table 6 Genes present in the overrepresented GO-classes (Chapter 3) 
A. cOEG-cSCs comparison   

AccNo Gene Symbol Gene Description Higher expressed in: 

Biological process   

NM_053843 FCGR3 Fc receptor, IgG, low affinity III cOEG 

NM_012715 ADM Adrenomedullin cOEG 

BG379348 JUB Ajuba homolog (Xenopus laevis) cOEG 

NM_012488 A2M Alpha-2-macroglobulin cOEG 

NM_012777 APOD Apolipoprotein D cOEG 

AW253649 CD9 CD9 antigen cOEG 

GO:0007155 Response to wounding    
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NM_030845 CXCL1 Chemokine (C-X-C motif) ligand 1 cOEG 

NM_019262 C1QB Complement component 1, q subcomponent, beta polypeptide cOEG 

NM_138900 C1S Complement component 1, s subcomponent cOEG 

NM_016994 C3 Complement component 3 cOEG 

AI412156 C4A Complement component 4a cOEG 

NM_130409 CFH Complement component factor H cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_172030 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_057100 GAS6 Growth arrest specific 6 cOEG 

CA512073 IGFBP4 Insulin-like growth factor binding protein 4 cOEG 

NM_031640 PGCP Plasma glutamate carboxypeptidase cOEG 

AI175709 PROS1 Protein S (alpha) cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

BE097141 TEC Tec protein tyrosine kinase cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_013091 TNFRSF1A Tumor necrosis factor receptor superfamily, member 1a cOEG 

NM_031530 CCL2 Chemokine (C-C motif) ligand 2 cSC 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 cSC 

NM_145878 FABP5 Fatty acid binding protein 5, epidermal cSC 

AA819659 GPR68_PREDICTED G protein-coupled receptor 68 (predicted) cSC 

NM_017195 GAP43 Growth associated protein 43 cSC 

NM_012610 NGFR Nerve growth factor receptor (TNFR superfamily, member 16) cSC 

GO:0007155 Cell adhesion    

BG379348 JUB Ajuba homolog (Xenopus laevis) cOEG 

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

AI010270 CDH3 Cadherin 3, type 1, P-cadherin (placental) cOEG 

AW253649 CD9 CD9 antigen cOEG 

NM_022266 Connective tissue growth factor cOEG 

BI303596 EMIL-

IN1_PREDICTED 

Elastin microfibril interfacer 1 (predicted) cOEG 

BQ194970 ENAH Enabled homolog (Drosophila) cOEG 

NM_053796 F11R F11 receptor or junctional adhesion molecule 1 cOEG 

NM_031066 FEZ1 Fasciculation and elongation protein zeta 1 (zygin I) cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 cOEG 

NM_030994 ITGA1 Integrin alpha 1 cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

NM_030852 MIA1 Melanoma inhibitory activity 1 cOEG 

NM_017190 MAG Myelin-associated glycoprotein cOEG 

NM_031070 NELL2 Nel-like 2 homolog (chicken) cOEG 

BG671163 NID2 Nidogen 2 cOEG 

BQ200501 PcSCD3 Pleckstrin homology, Sec7 and coiled-coil domains 3 cOEG 

NM_138848 PODXL Podocalyxin-like cOEG 

BM388714 COL9A1 Procollagen, type IX, alpha 1 cOEG 

AI599979 COL11A1 Procollagen, type XI, alpha 1 cOEG 

AA923853 COL15A1 Procollagen, type XV cOEG 

CB545139 COL16A1 Procollagen, type XVI, alpha 1 cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

NM_013016 PTPNS1 Protein tyrosine phosphatase, non-receptor type substrate 1 cOEG 

AI144754 RND1 Rho family GTPase 1 cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

AW253721 LOC679721 Similar to MIC2 like 1 cOEG 

NM_031530 CCL2 Chemokine (C-C motif) ligand 2 cSC 

NM_030828 GPC1 Glypican 1 cSC 

AA875092 ITGA7 Integrin alpha 7 cSC 

AI502837 ITGB8_PREDICTED Integrin beta 8 (predicted) cSC 

AI137931 ITGA6 Integrin, alpha 6 cSC 

NM_019249 PTPRF Protein tyrosine phosphatase, receptor type, F cSC 

 

BG379348 JUB Ajuba homolog (Xenopus laevis) cOEG 

GO:0016477 Cell migration   
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AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_030845 CXCL1 Chemokine (C-X-C motif) ligand 1 cOEG 

NM_022177 CXCL12 Chemokine (C-X-C motif) ligand 12 cOEG 

NM_022205 CXCR4 Chemokine (C-X-C motif) receptor 4 cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

BQ194970 ENAH Enabled homolog (Drosophila) cOEG 

NM_031066 FEZ1 Fasciculation and elongation protein zeta 1 (zygin I) cOEG 

NM_053843 FCGR3 Fc receptor, IgG, low affinity III cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_030994 ITGA1 Integrin alpha 1 cOEG 

NM_138848 PODXL Podocalyxin-like cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

NM_013016 PTPNS1 Protein tyrosine phosphatase, non-receptor type substrate 1 cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

        

BG665445 DPYSL3 Dihydropyrimidinase-like 3 cSC 

NM_017333 EDNRB Endothelin receptor type B cSC 

NM_012610 NGFR Nerve growth factor receptor (TNFR superfamily, member 16) cSC 

GO:0016049 Cell growth    

NM_022266 CTGF Connective tissue growth factor cOEG 

AW435422 CRIM1_PREDICTED Cysteine-rich motor neuron 1 (predicted) cOEG 

NM_022604 ESM1 Endothelial cell-specific molecule 1 cOEG 

BM385308 FGFR1 Fibroblast growth factor receptor 1 cOEG 

NM_053429 FGFR3 Fibroblast growth factor receptor 3 cOEG 

NM_019282 GREM1 Gremlin 1 homolog, cysteine knot superfamily (Xenopus laevis) cOEG 

NM_057100 Growth arrest specific 6 cOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 cOEG 

NM_012588 IGFBP3 Insulin-like growth factor binding protein 3 cOEG 

CA512073 IGFBP4 Insulin-like growth factor binding protein 4 cOEG 

NM_053667 LEPRE1 Leprecan 1 cOEG 

NM_053611 NUPR1 Nuclear protein 1 cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

        

BQ193493 EMP1 Epithelial membrane protein 1 cSC 

NM_017195 GAP43 Growth associated protein 43 cSC 

GO:0009888 Tissue development    

NM_012777 APOD Apolipoprotein D cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_021266 FZD1 Frizzled homolog 1 (Drosophila) cOEG 

NM_057100 GAS6 Growth arrest specific 6 cOEG 

BF420705 CHRDL1 Kohjirin cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

AA899305 NAB2 Ngfi-A binding protein 2 cOEG 

NM_031640 PGCP Plasma glutamate carboxypeptidase cOEG 

AI599979 COL11A1 Procollagen, type XI, alpha 1 cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

BE097141 TEC Tec protein tyrosine kinase cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

BQ193493 EMP1 Epithelial membrane protein 1 cSC 

NM_145878 FABP5 Fatty acid binding protein 5, epidermal cSC 

NM_017195 GAP43 Growth associated protein 43 cSC 

NM_013185 HCK Hemopoietic cell kinase cSC 

NM_012610 NGFR Nerve growth factor receptor (TNFR superfamily, member 16) cSC 

GO:0007167 Enzyme linked receptor protein signaling pathway   

NM_022266 CTGF Connective tissue growth factor cOEG 

AI575451 DDR2 Discoidin domain receptor family, member 2 cOEG 

BM385308 FGFR1 Fibroblast growth factor receptor 1 cOEG 

NM_053429 FGFR3 Fibroblast growth factor receptor 3 cOEG 
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BF391339 FGFR4 Fibroblast growth factor receptor 4 cOEG 

NM_080698 FMOD Fibromodulin cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_012750 GFRA2 
Glial cell line derived neurotrophic factor family receptor 

alpha 2 
cOEG 

NM_021586 LTBP2 Latent transforming growth factor beta binding protein 2 cOEG 

AA875232 MPZL1 Myelin protein zero-like 1 cOEG 

BQ196383 TIAM1 T-cell lymphoma invasion and metastasis 1 cOEG 

NM_053698 CITED2 Cbp/p300-interacting transactivator, with Glu/Asp-rich car-

boxy-terminal domain, 2 

cSC 

NM_031530 CCL2 Chemokine (C-C motif) ligand 2 cSC 

NM_012935 CRYAB Crystallin, alpha B cSC 

NM_019249 PTPRF Protein tyrosine phosphatase, receptor type, F cSC 

BQ781323 TRIO Triple functional domain (PTPRF interacting) cSC 

GO:0022008 Neurogenesis    

BM385308 FGFR1 Fibroblast growth factor receptor 1 cOEG 

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_022177 CXCL12 Chemokine (C-X-C motif) ligand 12 cOEG 

NM_022205 CXCR4 Chemokine (C-X-C motif) receptor 4 cOEG 

NM_013166 CNTF Ciliary neurotrophic factor cOEG 

NM_138900 C1S Complement component 1, s subcomponent cOEG 

BQ194970 ENAH Enabled homolog (Drosophila) cOEG 

NM_031066 FEZ1 Fasciculation and elongation protein zeta 1 (zygin I) cOEG 

BQ190716 GPC4 Glypican 4  

AA819658 CHRDL1 Kohjirin cOEG 

AA899305 NAB2 Ngfi-A binding protein 2 cOEG 

AI144754 RND1 Rho family GTPase 1 cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

BQ196383 TIAM1 T-cell lymphoma invasion and metastasis 1 cOEG 

NM_021989 TIMP2 Tissue inhibitor of metalloproteinase 2 cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

BG665445 DPYSL3 Dihydropyrimidinase-like 3 cSC 

NM_017195 GAP43 Growth associated protein 43 cSC 

NM_012610 NGFR Nerve growth factor receptor (TNFR superfamily, member 16) cSC 

NM_017166 STMN1 Stathmin 1 cSC 

GO:0001568 Blood vessel development    

NM_017087 BGN Biglycan cOEG 

NM_022177 CXCL12 Chemokine (C-X-C motif) ligand 12 cOEG 

NM_022205 CXCR4 Chemokine (C-X-C motif) receptor 4 cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

BM385308 FGFR1 Fibroblast growth factor receptor 1 cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

CB605627 RECK_PREDICTED Reversion-inducing-cysteine-rich protein with kazal motifs 

(predicted) 

cOEG 

AI179984 SERPINF1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 cOEG 

NM_133386 SPHK1 Sphingosine kinase 1 cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

NM_053698 CITED2 Cbp/p300-interacting transactivator, with Glu/Asp-rich car-

boxy-terminal domain, 2 

cSC 

AA875092 ITGA7 Integrin alpha 7 cSC 

AI176832 PLXND1_PREDICTED Plexin D1 (predicted) cSC 

GO:0006935 Chemotaxis    

NM_030845 CXCL1 Chemokine (C-X-C motif) ligand 1 cOEG 

NM_022177 CXCL12 Chemokine (C-X-C motif) ligand 12 cOEG 

NM_053429 FCGR3 Fibroblast growth factor receptor 3 cOEG 

NM_030994 ITGA1 Integrin alpha 1 cOEG 

BQ191871 LSP1 Lymphocyte specific 1 cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 
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NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_031530 CCL2 Chemokine (C-C motif) ligand 2 cSC 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 cSC 

GO:0030198 Extracellular matrix organization and biogenesis    

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_030852 MIA1 Melanoma inhibitory activity 1 cOEG 

AI599979 COL11A1 Procollagen, type XI, alpha 1 cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

CB605627 RECK_PREDICTED Reversion-inducing-cysteine-rich protein with kazal motifs 

(predicted) 

cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

GO:0042127 Regulation of cell proliferation    

NM_012715 ADM Adrenomedullin cOEG 

NM_013166 CNTF Ciliary neurotrophic factor cOEG 

BM385308 FGFR1 Fibroblast growth factor receptor 1 cOEG 

NM_053429 FGFR3 Fibroblast growth factor receptor 3 cOEG 

BQ205363 FGFRL1 Fibroblast growth factor receptor-like 1 cOEG 

NM_013060 ID2 Inhibitor of DNA binding 2 cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

NM_017037 PMP22 Peripheral myelin protein 22 cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

NM_033099 PTPRV Protein tyrosine phosphatase, receptor type, V cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

NM_133386 SPHK1 Sphingosine kinase 1 cOEG 

NM_021989 TIMP2 Tissue inhibitor of metalloproteinase 2 cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

NM_012912 ATF3 Activating transcription factor 3 cSC 

NM_031530 CCL2 Chemokine (C-C motif) ligand 2 cSC 

NM_022501 CRIP2 Cysteine-rich protein 2 cSC 

NM_017333 EDNRB Endothelin receptor type B cSC 

AA943981 TP53I11_PREDICTED Tumor protein p53 inducible protein 11 (predicted) cSC 

BI275570 MYCN V-myc myelocytomatosis viral related oncogene, neuroblas-

toma derived (avian) 

cSC 

GO:0007517 Muscle development    

NM_012610 ACTG2 Actin, gamma 2 cOEG 

NM_019904 APP Amyloid beta (A4) precursor protein cOEG 

NM_031549 CNTF Ciliary neurotrophic factor cOEG 

NM_012893 IGFBP3 Insulin-like growth factor binding protein 3 cOEG 

NM_012935 MYL9_PREDICTED Myosin, light polypeptide 9, regulatory (predicted) cOEG 

AI412064 SGCG Sarcoglycan, gamma (dystrophin-associated glycoprotein) cOEG 

NM_012588 TAGLN Transgelin cOEG 

NM_013166 CRYAB Crystallin, alpha B cSC 

AA875092 ITGA7 Integrin alpha 7 cSC 

BI285476 LGALS1 Lectin, galactose binding, soluble 1 cSC 

AA850867 NGFR Nerve growth factor receptor (TNFR superfamily, member 16) cSC 

Cellular component        

  

NM_012715 ADM Adrenomedullin cOEG 

NM_012777 APOD Apolipoprotein D cOEG 

NM_017087 BGN Biglycan cOEG 

BM386449 C1QTNF1 C1q and tumor necrosis factor related protein 1 cOEG 

NM_017097 CTcSC Cathepsin C cOEG 

NM_031560 CTSK Cathepsin K cOEG 

NM_013156 CTSL Cathepsin L cOEG 

NM_030845 CXCL1 Chemokine (C-X-C motif) ligand 1 cOEG 

NM_022177 CXCL12 Chemokine (C-X-C motif) ligand 12 cOEG 

NM_013166 CNTF Ciliary neurotrophic factor cOEG 

NM_019262 C1QB Complement component 1, q subcomponent, beta polypeptide cOEG 

GO:0005615 Extracellular space  
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AI716054 C1QL1_PREDICTED Complement component 1, q subcomponent-like 1 (predicted) cOEG 

NM_016994 C3 Complement component 3 cOEG 

NM_130409 CFH Complement component factor H cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_012940 CYP1B1 Cytochrome P450, family 1, subfamily b, polypeptide 1 cOEG 

AW525042 DHRS3 Dehydrogenase/reductase (SDR family) member 3 cOEG 

NM_172030 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 cOEG 

BI303596 EMIL-

IN1_PREDICTED 

Elastin microfibril interfacer 1 (predicted) cOEG 

NM_022604 ESM1 Endothelial cell-specific molecule 1 cOEG 

NM_053843 FCGR3 Fc receptor, IgG, low affinity III cOEG 

BM385308 FGFR1 Fibroblast growth factor receptor 1 cOEG 

BF391339 FGFR4 Fibroblast growth factor receptor 4 cOEG 

BQ205363 FGFRL1 Fibroblast growth factor receptor-like 1 cOEG 

NM_080698 FMOD Fibromodulin cOEG 

NM_012750 GFRA2 Glial cell line derived neurotrophic factor family receptor 

alpha 2 

cOEG 

BQ190716 GPC4 Glypican 4 cOEG 

NM_019282 GREM1 Gremlin 1 homolog, cysteine knot superfamily (Xenopus 

laevis) 

cOEG 

NM_057100 GAS6 Growth arrest specific 6 cOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 cOEG 

NM_012588 IGFBP3 Insulin-like growth factor binding protein 3 cOEG 

CA512073 IGFBP4 Insulin-like growth factor binding protein 4 cOEG 

NM_030994 ITGA1 Integrin alpha 1 cOEG 

AA819658 CHRDL1 Kohjirin cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

NM_021586 LTBP2 Latent transforming growth factor beta binding protein 2 cOEG 

AA858732 LYZ Lysozyme cOEG 

NM_030852 MIA1 Melanoma inhibitory activity 1 cOEG 

NM_017190 MAG Myelin-associated glycoprotein cOEG 

NM_031070 NELL2 Nel-like 2 homolog (chicken) cOEG 

BG671163 NID2 Nidogen 2 cOEG 

NM_017037 PMP22 Peripheral myelin protein 22 cOEG 

NM_019237 PCOLCE Procollagen C-endopeptidase enhancer protein cOEG 

BM388714 COL9A1 Procollagen, type IX, alpha 1 cOEG 

AA923853 COL15A1 Procollagen, type XV cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

AI177099 PRSS23 Protease, serine, 23 cOEG 

AI175709 PROS1 Protein S (alpha) cOEG 

NM_013016 PTPNS1 Protein tyrosine phosphatase, non-receptor type substrate 1 cOEG 

NM_033099 PTPRV Protein tyrosine phosphatase, receptor type, V cOEG 

NM_020100 RAMP3 Receptor (calcitonin) activity modifying protein 3 cOEG 

BU759022 RARRES2 Retinoic acid receptor responder (tazarotene induced) 2 cOEG 

CB605627 RECK_PREDICTED Reversion-inducing-cysteine-rich protein with kazal motifs 

(predicted) 

cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

AI179984 SERPINF1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 cOEG 

AA819032 RGD1305645_PREDIC

TED 

Similar to RIKEN cDNA 1500015O10 (predicted) cOEG 

AI716248 RGD1311155 Similar to RIKEN cDNA 9230117N10 cOEG 

AA926076 SMPDL3A Sphingomyelin phosphodiesterase, acid-like 3A cOEG 

AW251315 SMPDL3B Sphingomyelin phosphodiesterase, acid-like 3B cOEG 

NM_012880 SOD3 Superoxide dismutase 3, extracellular cOEG 

NM_021989 TIMP2 Tissue inhibitor of metalloproteinase 2 cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

BQ209308 ART3 ADP-ribosyltransferase 3 cSC 

NM_031530 CCL2 Chemokine (C-C motif) ligand 2 cSC 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 cSC 
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BQ209308 ART3 ADP-ribosyltransferase 3 cSC 

NM_031530 CCL2 Chemokine (C-C motif) ligand 2 cSC 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 cSC 

NM_017333 EDNRB Endothelin receptor type B cSC 

NM_030828 GPC1 Glypican 1 cSC 

AA875092 ITGA7 Integrin alpha 7 cSC 

NM_019904 LGALS1 Lectin, galactose binding, soluble 1 cSC 

NM_012610 NGFR Nerve growth factor receptor (TNFR superfamily, member 16) cSC 

NM_017288 cSCN1B Sodium channel, voltage-gated, type I, beta cSC 

BI295550 ST3GAL4 ST3 beta-galactoside alpha-2,3-sialyltransferase 4 cSC 

BF408334 TMEM123 Transmembrane protein 123 cSC 

GO:0005578 Proteinaceous extracellular matrix    

NM_017087 BGN Biglycan cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_172030 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 cOEG 

BI303596 EMIL-

IN1_PREDICTED 

Elastin microfibril interfacer 1 (predicted) cOEG 

NM_080698 FMOD Fibromodulin cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

BQ190716 GPC4 Glypican 4 cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

NM_021586 LTBP2 Latent transforming growth factor beta binding protein 2 cOEG 

BG671163 NID2 Nidogen 2 cOEG 

BM388714 COL9A1 Procollagen, type IX, alpha 1 cOEG 

AI599979 COL11A1 Procollagen, type XI, alpha 1 cOEG 

AA923853 COL15A1 Procollagen, type XV cOEG 

CB545139 COL16A1 Procollagen, type XVI, alpha 1 cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

AA850867 SGCG Sarcoglycan, gamma (dystrophin-associated glycoprotein) cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

NM_012880 SOD3 Superoxide dismutase 3, extracellular cOEG 

NM_021989 TIMP2 Tissue inhibitor of metalloproteinase 2 cOEG 

NM_030828 GPC1 Glypican 1 cSC 

  

AW253649 CD9 CD9 antigen cOEG 

BM385308 FGFR1 Fibroblast growth factor receptor 1 cOEG 

NM_053429 FGFR3 Fibroblast growth factor receptor 3 cOEG 

BF391339 FGFR4 Fibroblast growth factor receptor 4 cOEG 

BQ190716 GPC4 Glypican 4 cOEG 

NM_030994 ITGA1 Integrin alpha 1 cOEG 

BE116552 LRP1 Low density lipoprotein receptor-related protein 1 cOEG 

AA925353 LAPTM5 Lysosomal-associated protein transmembrane 5 cOEG 

NM_012608 MME Membrane metallo endopeptidase cOEG 

AA875232 MPZL1 Myelin protein zero-like 1 cOEG 

NM_017037 PMP22 Peripheral myelin protein 22 cOEG 

NM_138848 PODXL Podocalyxin-like cOEG 

NM_013016 PTPNS1 Protein tyrosine phosphatase, non-receptor type substrate 1 cOEG 

NM_020100 RAMP3 Receptor (calcitonin) activity modifying protein 3 cOEG 

AA850867 SGCG Sarcoglycan, gamma (dystrophin-associated glycoprotein) cOEG 

NM_031686 cSCN7A Sodium channel, voltage-gated, type VII, alpha cOEG 

NM_019225 SLC1A3 Solute carrier family 1 (glial high affinity glutamate transporter), 

member 3 

cOEG 

NM_053787 TRPV5 Transient receptor potential cation channel, subfamily V, member 5 cOEG 

NM_013091 TNFRSF1A Tumor necrosis factor receptor superfamily, member 1a cOEG 

GO:0005887 Integral to plasma membrane  

BQ209308 ART3 ADP-ribosyltransferase 3 cSC 

NM_053936 EDG2 Endothelial differentiation, lysophosphatidic acid G-protein-

coupled receptor, 2 

cSC 

NM_017333 EDNRB Endothelin receptor type B cSC 

AA819659 GPR68_PREDICTED G protein-coupled receptor 68 (predicted) cSC 

NM_030828 GPC1 Glypican 1 cSC 

AA875092 ITGA7 Integrin alpha 7 cSC 
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AI137931 ITGA6 Integrin, alpha 6 cSC 

AI502837 ITGB8_PREDICTED Integrin beta 8 (predicted) cSC 

NM_012610 NGFR Nerve growth factor receptor (TNFR superfamily, member 16) cSC 

NM_019249 PTPRF Protein tyrosine phosphatase, receptor type, F cSC 

GO:0045177 Apical part of cell    

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

AA817814 ATP1B2 ATPase, Na+/K+ transporting, beta 2 polypeptide cOEG 

BM385476 BST2 Bone marrow stromal cell antigen 2 cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_022226 LGMN Legumain cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

NM_053787 TRPV5 Transient receptor potential cation channel, subfamily V, mem-

ber 5 

cOEG 

GO:0030426 Growth cone    

NM_022205 CXCR4 Chemokine (C-X-C motif) receptor 4 cOEG 

NM_021989 TIMP2 Tissue inhibitor of metalloproteinase 2 cOEG 

BG665445 DPYSL3 Dihydropyrimidinase-like 3 cSC 

NM_017195 GAP43 Growth associated protein 43 cSC 

GO:0043235 Receptor complex    

NM_030994 ITGA1 Integrin alpha 1 cOEG 

NM_013169 CD3D CD3 antigen delta polypeptide cSC 

AA875092 ITGA7 Integrin alpha 7 cSC 

AI502837 ITGB8_PREDICTED Integrin beta 8 (predicted) cSC 

AI137931 ITGA6 Integrin, alpha 6 cSC 

Molecular Function    

GO:0005520 Insulin-like growth factor binding    

AW435422 CRIM1_PREDICTED Cysteine-rich motor neuron 1 (predicted) cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_022604 ESM1 Endothelial cell-specific molecule 1 cOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 cOEG 

NM_012588 IGFBP3 Insulin-like growth factor binding protein 3 cOEG 

CA512073 IGFBP4 Insulin-like growth factor binding protein 4 cOEG 

GO:0008083 Growth factor activity    

NM_013166 CNTF Ciliary neurotrophic factor cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_030845 CXCL1 Chemokine (C-X-C motif) ligand 1 cOEG 

NM_022604 ESM1 Endothelial cell-specific molecule 1 cOEG 

NM_053429 FGFR3 Fibroblast growth factor receptor 3 cOEG 

NM_057100 GAS6 Growth arrest specific 6 cOEG 

NM_030852 MIA1 Melanoma inhibitory activity 1 cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

GO:0005201 Extracellular matrix structural constituent    

NM_017087 BGN Biglycan cOEG 

BI303596 EMILIN1_PREDICTED Elastin microfibril interfacer 1 (predicted) cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

NM_053582 LCN7 Lipocalin 7 cOEG 

GO:0005125 Cytokine activity    

NM_030845 CXCL1 Chemokine (C-X-C motif) ligand 1 cOEG 

NM_022177 CXCL12 Chemokine (C-X-C motif) ligand 12 cOEG 

NM_013166 CNTF Ciliary neurotrophic factor cOEG 

NM_019282 GREM1 Gremlin 1 homolog, cysteine knot superfamily (Xenopus laevis) cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

AI716248 RGD1311155 Similar to RIKEN cDNA 9230117N10 cOEG 

NM_031131 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

NM_031530 CCL2 Chemokine (C-C motif) ligand 2 cSC 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 cSC 
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GO:0004866 Endopeptidase inhibitor activity     

NM_012488 A2M Alpha-2-macroglobulin cOEG 

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_016994 C3 Complement component 3 cOEG 

AI412156 C4A Complement component 4a cOEG 

AW435422 CRIM1_PREDICTED Cysteine-rich motor neuron 1 (predicted) cOEG 

CB605627 RECK_PREDICTED Reversion-inducing-cysteine-rich protein with kazal motifs 

(predicted) 

cOEG 

AI179984 SERPINF1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 cOEG 

NM_021989 TIMP2 Tissue inhibitor of metalloproteinase 2 cOEG 

GO:0005178 Integrin binding    

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 cOEG 

BQ200501 PcSCD3 Pleckstrin homology, Sec7 and coiled-coil domains 3 cOEG 

NM_012881 SPP1 Secreted phosphoprotein 1 cOEG 

NM_021989 TIMP2 Tissue inhibitor of metalloproteinase 2 cOEG 

GO:0004888 Transmembrane receptor activity    

NM_022205 CXCR4 Chemokine (C-X-C motif) receptor 4 cOEG 

AW435422 CRIM1_PREDICTED Cysteine-rich motor neuron 1 (predicted) cOEG 

AI575451 DDR2 Discoidin domain receptor family, member 2 cOEG 

NM_053843 FCGR3 Fc receptor, IgG, low affinity III cOEG 

BM385308 FGFR1 Fibroblast growth factor receptor 1 cOEG 

NM_053429 FGFR3 Fibroblast growth factor receptor 3 cOEG 

BF391339 FGFR4 Fibroblast growth factor receptor 4 cOEG 

BQ205363 FGFRL1 Fibroblast growth factor receptor-like 1 cOEG 

NM_021266 FZD1 Frizzled homolog 1 (Drosophila) cOEG 

NM_012750 GFRA2 Glial cell line derived neurotrophic factor family receptor alpha 2 cOEG 

NM_013091 TNFRSF1A Tumor necrosis factor receptor superfamily, member 1a cOEG 

NM_013169 CD3D CD3 antigen delta polypeptide cSC 

BQ207282 EDG2 Endothelial differentiation, lysophosphatidic acid G-protein-

coupled receptor, 2 

cSC 

NM_017333 EDNRB Endothelin receptor type B cSC 

AA819659 GPR68_PREDICTED G protein-coupled receptor 68 (predicted) cSC 

NM_030828 GPC1 Glypican 1 cSC 

NM_012610 NGFR Nerve growth factor receptor (TNFR superfamily, member 16) cSC 

AI176832 PLXND1_PREDICTED Plexin D1 (predicted) cSC 

NM_019249 PTPRF Protein tyrosine phosphatase, receptor type, F cSC 

B. cOEG-nOEG comparison   

AccNo Gene Symbol Gene Description                                                     Higher expressed in: 

Biological process    

GO:0001568 Blood vessel development    

NM_019905 ANXA2 Annexin A2 cOEG 

NM_017258 BTG1 B-cell translocation gene 1, anti-proliferative cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

NM_022297 DDAH1 Dimethylarginine dimethylaminohydrolase 1 cOEG 

NM_013151 PLAT Plasminogen activator, tissue cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

NM_017325 RUNX1 Runt related transcription factor 1 cOEG 

NM_012620 SERPINE1 Serine (or cysteine) peptidase inhibitor, clade E, member 1 cOEG 

AI179984 SERPINF1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

CA506484 CDH5_PREDICTED Cadherin 5 (predicted) nOEG 

BF557572 FGFR2 Fibroblast growth factor receptor 2 nOEG 

AA875092 ITGA7 Integrin alpha 7 nOEG 

NM_013062 KDR Kinase insert domain protein receptor nOEG 

NM_030854 LECT1 Leukocyte cell derived chemotaxin 1 nOEG 
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NM_012731 NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 nOEG 

NM_138905 PPAP2B Phosphatidic acid phosphatase type 2B nOEG 

NM_022669 cSCG2 Secretogranin 2 nOEG 

GO:0016049 Cell growth    

NM_017258 BTG1 B-cell translocation gene 1, anti-proliferative cOEG 

NM_012924 CD44 CD44 antigen cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_012923 CCNG1 Cyclin G1 cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

BQ193493 EMP1 Epithelial membrane protein 1 cOEG 

NM_030847 EMP3 Epithelial membrane protein 3 cOEG 

NM_057100 GAS6 Growth arrest specific 6 cOEG 

NM_012588 IGFBP3 Insulin-like growth factor binding protein 3 cOEG 

NM_053667 LEPRE1 Leprecan 1 cOEG 

NM_134449 PRKCDBP Protein kinase C, delta binding protein cOEG 

NM_031114 S100A10 S100 calcium binding protein A10 (calpactin) cOEG 

AI178025 TGIF TG interacting factor cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

BF557572 FGFR2 Fibroblast growth factor receptor 2 nOEG 

AI169253 IGF1 Insulin-like growth factor 1 nOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 nOEG 

NM_053968 MT3 Metallothionein 3 nOEG 

GO:0007610 Behavior    

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

AI716054 C1QL1_PREDICTED Complement component 1, q subcomponent-like 1 (predicted) cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

BQ191871 LSP1 Lymphocyte specific 1 cOEG 

NM_017139 PENK1 Proenkephalin 1 cOEG 

NM_017325 RUNX1 Runt related transcription factor 1 cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

NM_138828 APOE Apolipoprotein E nOEG 

BG376561 CTNND2 Catenin (cadherin-associated protein), delta 2 nOEG 

AA996885 CCL19_PREDICTED Chemokine (C-C motif) ligand 19 (predicted) nOEG 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 nOEG 

NM_134455 CX3CL1 Chemokine (C-X3-C motif) ligand 1 nOEG 

NM_012829 CCK Cholecystokinin nOEG 

NM_017110 CART Cocaine and amphetamine regulated transcript nOEG 

NM_012547 DRD2 Dopamine receptor 2 nOEG 

NM_017327 GNAO Guanine nucleotide binding protein, alpha o nOEG 

AI169253 IGF1 Insulin-like growth factor 1 nOEG 

NM_012731 NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 nOEG 

NM_017066 PTN Pleiotrophin nOEG 

NM_013015 PTGDS Prostaglandin D2 synthase nOEG 

NM_133568 RASD2 RASD family, member 2 nOEG 

NM_022669 cSCG2 Secretogranin 2 nOEG 

NM_030991 SNAP25 Synaptosomal-associated protein 25 nOEG 

NM_031613 TMOD2 Tropomodulin 2 nOEG 

GO:0007268 Synaptic transmission    

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_017000 NQO1 NAD(P)H dehydrogenase, quinone 1 cOEG 

NM_017037 PMP22 Peripheral myelin protein 22 cOEG 

NM_013151 PLAT Plasminogen activator, tissue cOEG 

AI409738 NCAM Neuron cell adhesion molecule 3; NCAM-120 C-term cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_012892 ACCN1 Amiloride-sensitive cation channel 1, neuronal (degenerin) nOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

NM_138828 APOE Apolipoprotein E nOEG 

NM_012505 ATP1A2 ATPase, Na+/K+ transporting, alpha 2 polypeptide nOEG 

NM_012916 BCAN Brevican nOEG 
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NM_017110 CART Cocaine and amphetamine regulated transcript nOEG 

BG376561 CTNND2 Catenin (cadherin-associated protein), delta 2 nOEG 

NM_012545 DDC Dopa decarboxylase nOEG 

BF387943 DLGAP1 Discs, large (Drosophila) homolog-associated protein 1 nOEG 

NM_012547 DRD2 Dopamine receptor 2 nOEG 

NM_017007 GAD1 Glutamic acid decarboxylase 1 nOEG 

NM_017073 GLUL Glutamate-ammonia ligase (glutamine synthase) nOEG 

NM_017262 GRIK5 Glutamate receptor, ionotropic, kainate 5 nOEG 

NM_024128 NSG1 Neuron specific gene family member 1 nOEG 

GO:0022008 Neurogenesis     

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_017258 BTG1 B-cell translocation gene 1, anti-proliferative cOEG 

AI144754 RND1 Rho family GTPase 1 cOEG 

NM_017325 RUNX1 Runt related transcription factor 1 cOEG 

NM_053485 S100A6 S100 calcium binding protein A6 (calcyclin) cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

BM392037 ATF5 Activating transcription factor 5 nOEG 

NM_130739 ACSL6 Acyl-CoA synthetase long-chain family member 6 nOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

NM_138828 APOE Apolipoprotein E nOEG 

NM_024399 ASPA Aspartoacylase nOEG 

AI579422 BEX1 Brain expressed X-linked 1 nOEG 

NM_012829 CCK Cholecystokinin nOEG 

BE106968 DPYSL4 Dihydropyrimidinase-like 4 nOEG 

NM_017327 GNAO Guanine nucleotide binding protein, alpha o nOEG 

NM_024383 HES5 Hairy and enhancer of split 5 (Drosophila) nOEG 

AI169253 IGF1 Insulin-like growth factor 1 nOEG 

NM_013062 KDR Kinase insert domain protein receptor nOEG 

NM_031727 LIMK1 LIM motif-containing protein kinase 1 nOEG 

NM_053968 MT3 Metallothionein 3 nOEG 

NM_017212 MAPT Microtubule-associated protein tau nOEG 

NM_019248 NTRK3 Neurotrophic tyrosine kinase, receptor, type 3 nOEG 

NM_031130 NR2F1 Nuclear receptor subfamily 2, group F, member 1 nOEG 

NM_021770 OLIG1 Oligodendrocyte transcription factor 1 nOEG 

BF557101 PRG1 Plasticity related gene 1 nOEG 

NM_053594 PTPRR Protein tyrosine phosphatase, receptor type, R nOEG 

NM_013080 PTPRZ1 Protein tyrosine phosphatase, receptor-type, Z polypeptide 1 nOEG 

NM_030990 PLP Proteolipid protein nOEG 

BG373381  LOC316573 Similar to Dner protein  nOEG 

NM_053440 STMN2 Stathmin-like 2 nOEG 

NM_030991 SNAP25 Synaptosomal-associated protein 25 nOEG 

GO:0042127 Regulation of cell proliferation    

NM_024400 ADAMTS1 A disintegrin-like and metallopeptidse (reprolysin type) with 

thrombospondin type 1 motif, 1 

cOEG 

NM_012912 ATF3 Activating transcription factor 3 cOEG 

NM_012904 ANXA1 Annexin A1 cOEG 

NM_017258 BTG1 B-cell translocation gene 1, anti-proliferative cOEG 

AI029526 CDKN1A Cyclin-dependent kinase inhibitor 1A cOEG 

BF288240 CDKN2B Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) cOEG 

NM_030847 EMP3 Epithelial membrane protein 3 cOEG 

BQ205363 FGFRL1 Fibroblast growth factor receptor-like 1 cOEG 

NM_033237 GAL Galanin cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

NM_017037 PMP22 Peripheral myelin protein 22 cOEG 

NM_022538 PPAP2A Phosphatidic acid phosphatase 2a cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

Y10056 S100A11 S100 calcium binding protein A11 (calizzarin) cOEG 

NM_053485 S100A6 S100 calcium binding protein A6 (calcyclin) cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 
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AI169253 IGF1 Insulin-like growth factor 1 nOEG 

AW253720 NFIB Nuclear factor I/B nOEG 

NM_017066 PTN Pleiotrophin nOEG 

BE098757  PBX1_PREDICTED Pre-B-cell leukemia transcription factor 1 (predicted) nOEG 

NM_022669 cSCG2 Secretogranin 2 nOEG 

AA958009 SMARCA2 SWI/SNF related, matrix associated, actin dependent regulator 

of chromatin, subfamily a, member 2 

nOEG 

GO:0007155 Cell adhesion    

BG379348 JUB Ajuba homolog (Xenopus laevis) cOEG 

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

AI010270 CDH3 Cadherin 3, type 1, P-cadherin (placental) cOEG 

NM_012924 CD44 CD44 antigen cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

BI303596 EMIL-

IN1_PREDICTED 

Elastin microfibril interfacer 1 (predicted cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_030828 GPC1 Glypican 1 cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

CA507084  LOXL2_PREDICTED Lysyl oxidase-like 2 (predicted) cOEG 

NM_012862 MGP Matrix Gla protein cOEG 

NM_017190 MAG Myelin-associated glycoprotein cOEG 

BG671163 NID2 Nidogen 2 cOEG 

BM388714 COL9A1 Procollagen, type IX, alpha 1 cOEG 

AI599979 COL11A1 Procollagen, type XI, alpha 1 cOEG 

AA923853 COL15A1 Procollagen, type XV cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

AI144754 RND1 Rho family GTPase 1 cOEG 

BE126741 TNC Tenascin C cOEG 

AI409738 NCAM Neuron cell adhesion molecule 3; NCAM-120 C-term cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

NM_012916 BCAN Brevican nOEG 

CA506484 CDH5_PREDICTED Cadherin 5 (predicted) nOEG 

BG376561 CTNND2 Catenin (cadherin-associated protein), delta 2 nOEG 

NM_134455 CX3CL1 Chemokine (C-X3-C motif) ligand 1 nOEG 

BQ196489 CXADR Coxsackie virus and adenovirus receptor nOEG 

NM_024383 HES5 Hairy and enhancer of split 5 (Drosophila) nOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 nOEG 

AA875092 ITGA7 Integrin alpha 7 nOEG 

NM_013180 ITGB4 Integrin beta 4 nOEG 

NM_053572 PCDH21 MT-protocadherin nOEG 

BE113437 PKP4_PREDICTED Plakophilin 4 (predicted) nOEG 

NM_019249 PTPRF Protein tyrosine phosphatase, receptor type, F nOEG 

NM_053779 SERPINI1 Serine (or cysteine) peptidase inhibitor, clade I, member 1 nOEG 

AW522386 

  

RGD1565811_PREDI

CTED 

Similar to OL-protocadherin isoform (predicted) nOEG 

NM_012889 VCAM1 Vascular cell adhesion molecule 1 nOEG 

NM_019156 VTN Vitronectin nOEG 

  

BG379348 JUB Ajuba homolog (Xenopus laevis) cOEG 

NM_012488 A2M Alpha-2-macroglobulin cOEG 

    

    

    

    

    

    

    

    

    

    

GO:0007155 Response to wounding  

NM_019387 HGS HGF-regulated tyrosine kinase substrate nOEG 

NM_012774 GPC3 Glypican 3 nOEG 

BF557572 FGFR2 Fibroblast growth factor receptor 2 nOEG 

NM_053388 GJB6 Gap junction membrane channel protein beta 6 nOEG 

NM_012556 FABP1 Fatty acid binding protein 1, liver nOEG 

NM_053511 FBXO2 F-box only protein 2 nOEG 

CA506484 CDH5_PREDICTED Cadherin 5 (predicted) nOEG 

NM_022501 CRIP2 Cysteine-rich protein 2 nOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

AI579422 BEX1 Brain expressed X-linked 1 nOEG 
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NM_012904 ANXA1 Annexin A1 cOEG 

NM_019905 ANXA2 Annexin A2 cOEG 

NM_013132 ANXA5 Annexin A5 cOEG 

NM_016994 C3 Complement component 3 cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_172030 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_033237 GAL Galanin cOEG 

NM_057100 GAS6 Growth arrest specific 6 cOEG 

NM_013151 PLAT Plasminogen activator, tissue cOEG 

NM_138828 APOE Apolipoprotein E nOEG 

AA819913 CHST1 Carbohydrate (keratan sulfate Gal-6) sulfotransferase 1 nOEG 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 nOEG 

NM_134455 CX3CL1 Chemokine (C-X3-C motif) ligand 1 nOEG 

AI411618 C1QG Complement component 1, q subcomponent, gamma polypeptide nOEG 

NM_052809 CDO1 Cysteine dioxygenase 1, cytosolic nOEG 

NM_145878 FABP5 Fatty acid binding protein 5, epidermal nOEG 

NM_012725 KLKB1 Kallikrein B, plasma 1 nOEG 

NM_031634 MEFV Mediterranean fever nOEG 

NM_023103 MUG1 Murinoglobulin 1 homolog (mouse) nOEG 

NM_019248 NTRK3 Neurotrophic tyrosine kinase, receptor, type 3 nOEG 

CB544321 NFX1 Nuclear transcription factor, X-box binding 1 nOEG 

AA800318 SERPING1 Serine (or cysteine) peptidase inhibitor, clade G, member 1 nOEG 

GO:0030198 Extracellular matrix organization and biogenesis    

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_019905 ANXA2 Annexin A2 cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_031832 LGALS3 Lectin, galactose binding, soluble 3 cOEG 

AI599979 COL11A1 Procollagen, type XI, alpha 1 cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

GO:0048878 Chemical homeostasis    

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

NM_138828 APOE Apolipoprotein E nOEG 

NM_012505 ATP1A2 ATPase, Na+/K+ transporting, alpha 2 polypeptide nOEG 

NM_012506 ATP1A3 ATPase, Na+/K+ transporting, alpha 3 polypeptide nOEG 

NM_053502 ABCG1 ATP-binding cassette, sub-family G (WHITE), member 1 nOEG 

AA996885 CCL19_PREDICTED Chemokine (C-C motif) ligand 19 (predicted) nOEG 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 nOEG 

NM_017110 CART Cocaine and amphetamine regulated transcript nOEG 

NM_012547 DRD2 Dopamine receptor 2 nOEG 

BQ207282 EDG2 Endothelial differentiation, lysophosphatidic acid G-protein-

coupled receptor, 2 

nOEG 

NM_053936 GNA15 Guanine nucleotide binding protein, alpha 15 nOEG 

NM_030987 GNB1 Guanine nucleotide binding protein, beta 1 nOEG 

NM_138826 MT1A Metallothionein 1a nOEG 

NM_053968 MT3 Metallothionein 3 nOEG 

NM_053968 PFKM Phosphofructokinase, muscle nOEG 

NM_031715 SERPINE1 Serine (or cysteine) peptidase inhibitor, clade E, member 1 nOEG 

NM_134363 

  

SLC12A5 Solute carrier family 12, (potassium-chloride transporter) mem-

ber 5 

nOEG 

NM_134363 SLC24A3 Solute carrier family 24 (sodium/potassium/calcium exchanger), 

member 3 

nOEG 

GO:0001657 Ureteric bud development    

NM_012924 CD44 CD44 antigen cOEG 

NM_031528 RARA Retinoic acid receptor, alpha cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

NM_012774 GPC3 Glypican 3 nOEG 
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BE098757  PBX1_PREDICTED Pre-B-cell leukemia transcription factor 1 (predicted) nOEG 

AA859923 SALL1_PREDICTED Sal-like 1 (Drosophila) (predicted) nOEG 

GO:0042221 Response to chemical stimulus     

NM_012488 A2M Alpha-2-macroglobulin cOEG 

NM_017258 BTG1 B-cell translocation gene 1, anti-proliferative cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

NM_012940 CYP1B1 Cytochrome P450, family 1, subfamily b, polypeptide 1 cOEG 

BQ191871 LSP1 Lymphocyte specific 1 cOEG 

NM_012862 MGP Matrix Gla protein cOEG 

NM_017000 NQO1 NAD(P)H dehydrogenase, quinone 1 cOEG 

NM_012620 SERPINE1 Serine (or cysteine) peptidase inhibitor, clade E, member 1 cOEG 

NM_017173 SERPINH1 Serine (or cysteine) proteinase inhibitor, clade H, member 1 cOEG 

NM_012880 SOD3 Superoxide dismutase 3, extracellular cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_173094 HMGCS2 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 nOEG 

NM_130739 ACSL6 Acyl-CoA synthetase long-chain family member 6 nOEG 

NM_012892 ACCN1 Amiloride-sensitive cation channel 1, neuronal (degenerin) nOEG 

NM_012899 ALAD Aminolevulinate, delta-, dehydratase nOEG 

AI575641 ANK2 Ankyrin 2, neuronal nOEG 

NM_138828 APOE Apolipoprotein E nOEG 

NM_053502 ABCG1 ATP-binding cassette, sub-family G (WHITE), member 1 nOEG 

AA996885 CCL19_PREDICTED Chemokine (C-C motif) ligand 19 (predicted) nOEG 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 nOEG 

NM_134455 CX3CL1 Chemokine (C-X3-C motif) ligand 1 nOEG 

BQ200408 CST3 Cystatin C nOEG 

NM_012547 DRD2 Dopamine receptor 2 nOEG 

NM_031509 GSTA3 Glutathione S-transferase A3 nOEG 

AI169253 IGF1 Insulin-like growth factor 1 nOEG 

NM_013062 KDR Kinase insert domain protein receptor nOEG 

NM_138826 MT1A Metallothionein 1a nOEG 

NM_017212 MAPT Microtubule-associated protein tau nOEG 

NM_053576 PRDX6 Peroxiredoxin 6 nOEG 

NM_022669 cSCG2 Secretogranin 2 nOEG 

NM_031672 SLC15A2 Solute carrier family 15 (H+/peptide transporter), member 2 nOEG 

NM_017224 SLC22A6 Solute carrier family 22 (organic anion transporter), member 6 nOEG 

NM_031332 SLC22A8 Solute carrier family 22 (organic anion transporter), member 8 nOEG 

NM_031834 SULT1A1 Sulfotransferase family 1A, phenol-preferring, member 1 nOEG 

GO:Enzyme linked receptor protein signaling pathway    

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_053857 EIF4EBP1 Eukaryotic translation initiation factor 4E binding protein 1 cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_012959 GFRA1 Glial cell line derived neurotrophic factor family receptor alpha 1 cOEG 

NM_012750 GFRA2 Glial cell line derived neurotrophic factor family receptor alpha 2 cOEG 

NM_021586 LTBP2 Latent transforming growth factor beta binding protein 2 cOEG 

NM_013151 PLAT Plasminogen activator, tissue cOEG 

NM_012656 SPARC Secreted acidic cysteine rich glycoprotein cOEG 

AI579422 BEX1 Brain expressed X-linked 1 nOEG 

BF557572 FGFR2 Fibroblast growth factor receptor 2 nOEG 

NM_080698 FMOD Fibromodulin nOEG 

NM_017262 GRIK5 Glutamate receptor, ionotropic, kainate 5 nOEG 

NM_012774 GPC3 Glypican 3 nOEG 

AI169253 IGF1 Insulin-like growth factor 1 nOEG 

NM_031511 IGF2 Insulin-like growth factor 2 nOEG 

NM_013062 KDR Kinase insert domain protein receptor nOEG 

NM_012731 NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 nOEG 

NM_019248 NTRK3 Neurotrophic tyrosine kinase, receptor, type 3 nOEG 

NM_017066 PTN Pleiotrophin nOEG 

NM_019249 PTPRF Protein tyrosine phosphatase, receptor type, F nOEG 

GO:Defense response    

NM_012488 A2M Alpha-2-macroglobulin cOEG 

NM_013220 ANKRD1 Ankyrin repeat domain 1 (cardiac muscle) cOEG 
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NM_012904 ANXA1 Annexin A1 cOEG 

NM_016994 C3 Complement component 3 cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

NM_033237 GAL Galanin cOEG 

BQ191871 LSP1 Lymphocyte specific 1 cOEG 

NM_017139 PENK1 Proenkephalin 1 cOEG 

NM_013091 TNFRSF1A Tumor necrosis factor receptor superfamily, member 1a cOEG 

AA819913 CHST1 Carbohydrate (keratan sulfate Gal-6) sulfotransferase 1 nOEG 

NM_013069 CD74 CD74 antigen (invariant polypeptide of major histocompatibil-

ity complex, class II antigen-associated) 

nOEG 

NM_134455 CX3CL1 Chemokine (C-X3-C motif) ligand 1 nOEG 

AI411618 C1QG Complement component 1, q subcomponent, gamma polypep-

tide 

nOEG 

NM_052809 CDO1 Cysteine dioxygenase 1, cytosolic nOEG 

NM_012725 KLKB1 Kallikrein B, plasma 1 nOEG 

AW434178 LY6H_PREDICTED Lymphocyte antigen 6 complex, locus H (predicted) nOEG 

AA858732 LYZ Lysozyme nOEG 

NM_031634 MEFV Mediterranean fever nOEG 

NM_023103 MUG1 Murinoglobulin 1 homolog (mouse) nOEG 

CB544321 NFX1 Nuclear transcription factor, X-box binding 1 nOEG 

NM_022669 cSCG2 Secretogranin 2 nOEG 

AA800318 SERPING1 Serine (or cysteine) peptidase inhibitor, clade G, member 1 nOEG 

GO:0044255 Cellular lipid metabolic process    

NM_017081 HSD11B2 Hydroxysteroid 11-beta dehydrogenase 2 cOEG 

BQ189915 MGST2_PREDICTED Microsomal glutathione S-transferase 2 (predicted) cOEG 

NM_022538 PPAP2A Phosphatidic acid phosphatase 2a cOEG 

BG661055 RGD1305958 Similar to BB128963 protein cOEG 

NM_013091 TNFRSF1A Tumor necrosis factor receptor superfamily, member 1a cOEG 

NM_017268 HMGCS1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 nOEG 

NM_173094 HMGCS2 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 nOEG 

NM_134389 ACSBG1 Acyl-CoA synthetase bubblegum family member 1 nOEG 

NM_130739 ACSL6 Acyl-CoA synthetase long-chain family member 6 nOEG 

NM_017340 ACOX1 Acyl-Coenzyme A oxidase 1, palmitoyl nOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

NM_138828 APOE Apolipoprotein E nOEG 

NM_053502 ABCG1 ATP-binding cassette, sub-family G (WHITE), member 1 nOEG 

NM_013069 CD74 CD74 antigen (invariant polypeptide of major histocompatibil-

ity complex, class II antigen-associated) 

nOEG 

BQ200761 DHRS8 Dehydrogenase/reductase (SDR family) member 8 nOEG 

BF284283 ELA3B_PREDICTED Elastase 3B, pancreatic (predicted) nOEG 

NM_012556 FABP1 Fatty acid binding protein 1, liver nOEG 

NM_145878 FABP5 Fatty acid binding protein 5, epidermal nOEG 

NM_017332 FASN Fatty acid synthase nOEG 

NM_057186 HADHcSC L-3-hydroxyacyl-Coenzyme A dehydrogenase, short chain nOEG 

NM_053598 NUDT4 Nudix (nucleoside diphosphate linked moiety X)-type motif 4 nOEG 

NM_053576 PRDX6 Peroxiredoxin 6 nOEG 

NM_133299 PECR Peroxisomal trans-2-enoyl-CoA reductase nOEG 

NM_138905 PPAP2B Phosphatidic acid phosphatase type 2B nOEG 

NM_017174 PLA2G5 Phospholipase A2, group V nOEG 

BF557101 PRG1 Plasticity related gene 1 nOEG 

NM_013015 PTGDS Prostaglandin D2 synthase nOEG 

AI101779 PRKAG2 Protein kinase, AMP-activated, gamma 2 non-catalytic subunit nOEG 

NM_030990 PLP Proteolipid protein nOEG 

NM_012744 PC Pyruvate carboxylase nOEG 

NM_031841 cSCD2 Stearoyl-Coenzyme A desaturase 2 nOEG 

NM_031834 SULT1A1 Sulfotransferase family 1A, phenol-preferring, member 1 nOEG 

NM_031641 SULT4A1 Sulfotransferase family 4A, member 1 nOEG 

Cellular component    

GO:0005615 Extracellular space    

BM386449 C1QTNF1 C1q and tumor necrosis factor related protein 1 cOEG 
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NM_033237 GAL Galanin cOEG 

NM_012959 GFRA1 Glial cell line derived neurotrophic factor family receptor alpha 1 cOEG 

NM_012750 GFRA2 Glial cell line derived neurotrophic factor family receptor alpha 2 cOEG 

NM_030828 GPC1 Glypican 1 cOEG 

NM_057100 GAS6 Growth arrest specific 6 cOEG 

NM_017081 HSD11B2 Hydroxysteroid 11-beta dehydrogenase 2 cOEG 

NM_012756 IGF2R Insulin-like growth factor 2 receptor cOEG 

NM_012588 IGFBP3 Insulin-like growth factor binding protein 3 cOEG 

NM_013037 IL1RL1 Interleukin 1 receptor-like 1 cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

NM_021586 LTBP2 Latent transforming growth factor beta binding protein 2 cOEG 

CA507084 LOXL2_PREDICTED Lysyl oxidase-like 2 (predicted) cOEG 

NM_012862 MGP Matrix Gla protein cOEG 

BG378190  1200013A08RIK Matrix-remodelling associated 8 cOEG 

NM_017190 MAG Myelin-associated glycoprotein cOEG 

BG671163 NID2 Nidogen 2 cOEG 

BE100778 OLFML3_PREDICTED Olfactomedin-like 3 (predicted) cOEG 

NM_017037 PMP22 Peripheral myelin protein 22 cOEG 

NM_013151 PLAT Plasminogen activator, tissue cOEG 

BE108264 PAPPA_PREDICTED Pregnancy-associated plasma protein A (predicted) cOEG 

NM_019237 PCOLCE Procollagen C-endopeptidase enhancer protein cOEG 

BM388714 COL9A1 Procollagen, type IX, alpha 1 cOEG 

AA923853 COL15A1 Procollagen, type XV cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

AI175709 PROS1 Protein S (alpha) cOEG 

NM_020100 RAMP3 Receptor (calcitonin) activity modifying protein 3 cOEG 

BF281577 RCN1_PREDICTED Reticulocalbin 1 (predicted) cOEG 

Y10056 S100A11 S100 calcium binding protein A11 (calizzarin) cOEG 

NM_012656 SPARC Secreted acidic cysteine rich glycoprotein cOEG 

NM_012620 SERPINE1 Serine (or cysteine) peptidase inhibitor, clade E, member 1 cOEG 

AI179984 SERPINF1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 cOEG 

NM_017173 SERPINH1 Serine (or cysteine) proteinase inhibitor, clade H, member 1 cOEG 

AI716248 RGD1311155 Similar to RIKEN cDNA 9230117N10 cOEG 

AW251315 SMPDL3B Sphingomyelin phosphodiesterase, acid-like 3B cOEG 

NM_012880 SOD3 Superoxide dismutase 3, extracellular cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_053653 VEGFC Vascular endothelial growth factor C cOEG 

BQ209308 ART3 ADP-ribosyltransferase 3 nOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

NM_012824 APOC1 Apolipoprotein C-I nOEG 

NM_138828 APOE Apolipoprotein E nOEG 

NM_053502 ABCG1 ATP-binding cassette, sub-family G (WHITE), member 1 nOEG 

CA506484 CDH5_PREDICTED Cadherin 5 (predicted) nOEG 

AA819913 CHST1 Carbohydrate (keratan sulfate Gal-6) sulfotransferase 1 nOEG 

NM_013128 CPE Carboxypeptidase E nOEG 

AA996885 CCL19_PREDICTED Chemokine (C-C motif) ligand 19 (predicted) nOEG 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 nOEG 

NM_134455 CX3CL1 Chemokine (C-X3-C motif) ligand 1 nOEG 

NM_012829 CCK Cholecystokinin nOEG 

NM_021655 CHGA Chromogranin A nOEG 

    

    

    

    

    

    

    

    

BI303596 EMIL-

IN1_PREDICTED 

Elastin microfibril interfacer 1 (predicted) cOEG 

NM_172030 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 cOEG 

AW917068 CRLF1_PREDICTED Cytokine receptor-like factor 1 (predicted) cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

NM_012940 CYP1B1 Cytochrome P450, family 1, subfamily b, polypeptide 1 cOEG 

NM_172333 CTHRC1 Collagen triple helix repeat containing 1 cOEG 

AI716054 C1QL1_PREDICTED Complement component 1, q subcomponent-like 1 (predicted) cOEG 

NM_016994 C3 Complement component 3 cOEG 
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NM_012526 CHGB Chromogranin B nOEG 

NM_017110 CART Cocaine and amphetamine regulated transcript nOEG 

AI411618 C1QG Complement component 1, q subcomponent, gamma polypep-

tide 

nOEG 

BQ200408 CST3 Cystatin C nOEG 

NM_173123 CYP4F4 Cytochrome P450, family 4, subfamily f, polypeptide 4 nOEG 

BF284283 ELA3B_PREDICTED Elastase 3B, pancreatic (predicted) nOEG 

BF557572 FGFR2 Fibroblast growth factor receptor 2 nOEG 

NM_080698 FMOD Fibromodulin nOEG 

NM_022005 FXYD6 FXYD domain-containing ion transport regulator 6 nOEG 

NM_017262 GRIK5 Glutamate receptor, ionotropic, kainate 5 nOEG 

NM_012774 GPC3 Glypican 3 nOEG 

AI169253 IGF1 Insulin-like growth factor 1 nOEG 

NM_031511 IGF2 Insulin-like growth factor 2 nOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 nOEG 

AA875092 ITGA7 Integrin alpha 7 nOEG 

NM_013180 ITGB4 Integrin beta 4 nOEG 

NM_017351 ITIH3 Inter-alpha trypsin inhibitor, heavy chain 3 nOEG 

NM_013062 KDR Kinase insert domain protein receptor nOEG 

AW433953 KIFC2 Kinesin family member C2 nOEG 

AW434178 LY6H_PREDICTED Lymphocyte antigen 6 complex, locus H (predicted) nOEG 

AA858732 LYZ Lysozyme nOEG 

CB548372 MSR2_PREDICTED Macrophage scavenger receptor 2 (predicted) nOEG 

AI145832 MSRB2 Methionine sulfoxide reductase B2 nOEG 

NM_053572 PCDH21 MT-protocadherin nOEG 

NM_019248 NTRK3 Neurotrophic tyrosine kinase, receptor, type 3 nOEG 

NM_053573 OLFM1 Olfactomedin 1 nOEG 

NM_012996 OXT Oxytocin nOEG 

NM_017174 PLA2G5 Phospholipase A2, group V nOEG 

NM_017066 PTN Pleiotrophin nOEG 

AW532611  PLXNA2_PREDICTED Plexin A2 (predicted) nOEG 

BE116194 PLXDC2_PREDICTED Plexin domain containing 2 (predicted) nOEG 

BM387852 COL6A3_PREDICTED Procollagen, type VI, alpha 3 (predicted) nOEG 

NM_133284 PGC Progastricsin (pepsinogen C) nOEG 

NM_053594 PTPRR Protein tyrosine phosphatase, receptor type, R nOEG 

NM_013080 PTPRZ1 Protein tyrosine phosphatase, receptor-type, Z polypeptide 1 nOEG 

NM_031645 RAMP1 Receptor (calcitonin) activity modifying protein 1 nOEG 

NM_019278 RESP18 Regulated endocrine-specific protein 18 nOEG 

AA858962 RBP4 Retinol binding protein 4, plasma nOEG 

NM_022669 cSCG2 Secretogranin 2 nOEG 

NM_053856 cSCG3 Secretogranin III nOEG 

NM_013175 SGNE1 Secretory granule neuroendocrine protein 1 nOEG 

AA800318 SERPING1 Serine (or cysteine) peptidase inhibitor, clade G, member 1 nOEG 

NM_053779 SERPINI1 Serine (or cysteine) peptidase inhibitor, clade I, member 1 nOEG 

AI577383 SILV_PREDICTED Silver homolog (mouse) (predicted) nOEG 

NM_012946 SPARCL1 SPARC-like 1 (mast9, hevin) nOEG 

NM_012681 TTR Transthyretin nOEG 

NM_012889 VCAM1 Vascular cell adhesion molecule 1 nOEG 

NM_019156 VTN Vitronectin nOEG 

BQ200427 WNT5B Wingless-related MMTV integration site 5B nOEG 

GO:0005578 Proteinaceous extracellular matrix    

NM_024400 ADAMTS1 A disintegrin-like and metallopeptidse (reprolysin type) with 

thrombospondin type 1 motif, 1 

cOEG 

NM_172333 CTHRC1 Collagen triple helix repeat containing 1 cOEG 

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

NM_172030 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 cOEG 

BI303596 EMIL-

IN1_PREDICTED 

Elastin microfibril interfacer 1 (predicted) cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 
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NM_030828 GPC1 Glypican 1 cOEG 

AW251358 LAMC1 Laminin, gamma 1 cOEG 

NM_021586 LTBP2 Latent transforming growth factor beta binding protein 2 cOEG 

NM_031832 LGALS3 Lectin, galactose binding, soluble 3 cOEG 

NM_012862 MGP Matrix Gla protein cOEG 

BG671163 NID2 Nidogen 2 cOEG 

BM388714 COL9A1 Procollagen, type IX, alpha 1 cOEG 

AI599979 COL11A1 Procollagen, type XI, alpha 1 cOEG 

AA923853 COL15A1 Procollagen, type XV cOEG 

BQ206577 COL18A1 Procollagen, type XVIII, alpha 1 cOEG 

AA850867 SGCG Sarcoglycan, gamma (dystrophin-associated glycoprotein) cOEG 

NM_012656 SPARC Secreted acidic cysteine rich glycoprotein cOEG 

NM_012880 SOD3 Superoxide dismutase 3, extracellular cOEG 

BM387134 TNC Tenascin C cOEG 

NM_080698 FMOD Fibromodulin nOEG 

NM_012774 GPC3 Glypican 3 nOEG 

NM_017066 PTN Pleiotrophin nOEG 

BM387852 COL6A3_PREDICTED Procollagen, type VI, alpha 3 (predicted) nOEG 

NM_013080 PTPRZ1 Protein tyrosine phosphatase, receptor-type, Z polypeptide 1 nOEG 

NM_012946 SPARCL1 SPARC-like 1 (mast9, hevin) nOEG 

NM_019156 VTN Vitronectin nOEG 

GO:0043005 Neuron projection    

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_017029 NEF3 Neurofilament 3, medium cOEG 

NM_031783 NEFL Neurofilament, light polypeptide cOEG 

NM_012618 S100A4 S100 calcium-binding protein A4 cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_031007 ADCY2 Adenylate cyclase 2 nOEG 

NM_012892 ACCN1 Amiloride-sensitive cation channel 1, neuronal (degenerin) nOEG 

NM_012506 ATP1A3 ATPase, Na+/K+ transporting, alpha 3 polypeptide nOEG 

NM_012505 ATP1A2 ATPase, Na+/K+ transporting, alpha 2 polypeptide nOEG 

NM_012829 CCK Cholecystokinin nOEG 

NM_012547 DRD2 Dopamine receptor 2 nOEG 

NM_017262 GRIK5 Glutamate receptor, ionotropic, kainate 5 nOEG 

NM_017007 GAD1 Glutamic acid decarboxylase 1 nOEG 

BF407506 KCNIP2 Kv channel-interacting protein 2 nOEG 

NM_017212 MAPT Microtubule-associated protein tau nOEG 

NM_053777 MAPK8IP Mitogen activated protein kinase 8 interacting protein nOEG 

NM_012731 NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 nOEG 

BG373381 LOC316573 Similar to Dner protein nOEG 

NM_019225 SLC1A3 Solute carrier family 1 (glial high affinity glutamate trans-

porter), member 3 

nOEG 

NM_024371 SLC6A1 Solute carrier family 6 (neurotransmitter transporter, GABA), 

member 1 

nOEG 

NM_031613 TMOD2 Tropomodulin 2 nOEG 

GO:0030141 Secretory granule    

NM_013151 PLAT Plasminogen activator, tissue cOEG 

BF420705 TGFB2 Transforming growth factor, beta 2 cOEG 

NM_012526 CHGB Chromogranin B nOEG 

NM_019387 HGS HGF-regulated tyrosine kinase substrate nOEG 

AA858732 LYZ Lysozyme nOEG 

NM_022669 cSCG2 Secretogranin 2 nOEG 

BQ202991 cSCAMP1 Secretory carrier membrane protein 1 nOEG 

NM_013175 SGNE1 Secretory granule neuroendocrine protein 1 nOEG 

GO:0031226 Intrinsic to plasma membrane    

NM_012959 GFRA1 Glial cell line derived neurotrophic factor family receptor 

alpha 1 

cOEG 

NM_030828 GPC1 Glypican 1 cOEG 

NM_012756 IGF2R Insulin-like growth factor 2 receptor cOEG 

NM_012608 MME Membrane metallo endopeptidase cOEG 
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NM_017037 PMP22 Peripheral myelin protein 22 cOEG 

NM_022538 PPAP2A Phosphatidic acid phosphatase 2a cOEG 

NM_020100 RAMP3 Receptor (calcitonin) activity modifying protein 3 cOEG 

AA850867 SGCG Sarcoglycan, gamma (dystrophin-associated glycoprotein) cOEG 

NM_031686 cSCN7A Sodium channel, voltage-gated, type VII, alpha cOEG 

NM_013091 TNFRSF1A Tumor necrosis factor receptor superfamily, member 1a cOEG 

NM_130779 ADCY3 Adenylate cyclase 3 nOEG 

BQ209308 ART3 ADP-ribosyltransferase 3 nOEG 

NM_012892 ACCN1 Amiloride-sensitive cation channel 1, neuronal (degenerin) nOEG 

NM_012506 ATP1A3 ATPase, Na+/K+ transporting, alpha 3 polypeptide nOEG 

NM_012505 ATP1A2 ATPase, Na+/K+ transporting, alpha 2 polypeptide nOEG 

NM_053502 ABCG1 ATP-binding cassette, sub-family G (WHITE), member 1 nOEG 

NM_013069 CD74 CD74 antigen (invariant polypeptide of major histocompatibil-

ity complex, class II antigen-associated) 

nOEG 

NM_012547 DRD2 Dopamine receptor 2 nOEG 

NM_053936 EDG2 Endothelial differentiation, lysophosphatidic acid G-protein-

coupled receptor, 2 

nOEG 

NM_017262 GRIK5 Glutamate receptor, ionotropic, kainate 5 nOEG 

NM_012774 GPC3 Glypican 3 nOEG 

AA875092 ITGA7 Integrin alpha 7 nOEG 

NM_013180 ITGB4 Integrin beta 4 nOEG 

NM_013062 KDR Kinase insert domain protein receptor nOEG 

BF407506 KCNIP2 Kv channel-interacting protein 2 nOEG 

AW434178 LY6H_PREDICTED Lymphocyte antigen 6 complex, locus H (predicted) nOEG 

NM_053572 PCDH21 MT-protocadherin nOEG 

NM_022695 NTSR2 Neurotensin receptor 2 nOEG 

NM_012731 NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 nOEG 

BF557101 PRG1 Plasticity related gene 1 nOEG 

CA339586 

  

KCTD12_PREDICTED Potassium channel tetramerisation domain containing 12 

(predicted) 

nOEG 

NM_013186 KCNB1 Potassium voltage gated channel, Shab-related subfamily, 

member 1 

nOEG 

NM_019249 PTPRF Protein tyrosine phosphatase, receptor type, F nOEG 

NM_013080 PTPRZ1 Protein tyrosine phosphatase, receptor-type, Z polypeptide 1 nOEG 

NM_030990 PLP Proteolipid protein nOEG 

NM_031645 RAMP1 Receptor (calcitonin) activity modifying protein 1 nOEG 

NM_019225 SLC1A3 Solute carrier family 1 (glial high affinity glutamate trans-

porter), member 3 

nOEG 

NM_031672 SLC15A2 Solute carrier family 15 (H+/peptide transporter), member 2 nOEG 

NM_017224 SLC22A6 Solute carrier family 22 (organic anion transporter), member 6 nOEG 

NM_031332 SLC22A8 Solute carrier family 22 (organic anion transporter), member 8 nOEG 

NM_024371 SLC6A1 Solute carrier family 6 (neurotransmitter transporter, GABA), 

member 1 

nOEG 

AI112115 STOM Stomatin nOEG 

NM_030991 SNAP25 Synaptosomal-associated protein 25 nOEG 

CB546621 VEZT Vezatin, adherens junctions transmembrane protein nOEG 

Molecular function   

GO:0004866 Endopeptidase inhibitor activity    

NM_012488 A2M Alpha-2-macroglobulin cOEG 

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_016994 C3 Complement component 3 cOEG 

NM_012620 SERPINE1 Serine (or cysteine) peptidase inhibitor, clade E, member 1 cOEG 

AI179984 SERPINF1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 cOEG 

AA900768 SERPINB6B Serine (or cysteine) proteinase inhibitor, clade B, member 6b cOEG 

NM_017173 SERPINH1 Serine (or cysteine) proteinase inhibitor, clade H, member 1 cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

BQ200408 CST3 Cystatin C nOEG 

NM_017351 ITIH3 Inter-alpha trypsin inhibitor, heavy chain 3 nOEG 

NM_023103 MUG1 Murinoglobulin 1 homolog (mouse) nOEG 

NM_017236 PEBP1 Phosphatidylethanolamine binding protein 1 nOEG 
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BM387852 COL6A3_PREDICTED Procollagen, type VI, alpha 3 (predicted) nOEG 

AA800318 SERPING1 Serine (or cysteine) peptidase inhibitor, clade G, member 

1 

nOEG 

NM_053779 SERPINI1 Serine (or cysteine) peptidase inhibitor, clade I, member 1 nOEG 

GO:0005184 Neuropeptide hormone activity     

NM_033237 GAL Galanin cOEG 

AI169253 IGF1 Insulin-like growth factor 1 cOEG 

NM_017110 CART Cocaine and amphetamine regulated transcript nOEG 

NM_012829 CCK Cholecystokinin nOEG 

NM_031511 IGF2 Insulin-like growth factor 2 nOEG 

NM_012996 OXT Oxytocin nOEG 

GO:0005509 Calcium ion binding   

NM_012904 ANXA1 Annexin A1 cOEG 

NM_019905 ANXA2 Annexin A2 cOEG 

NM_013132 ANXA5 Annexin A5 cOEG 

AI010270 CDH3 Cadherin 3, type 1, P-cadherin (placental) cOEG 

NM_172030 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2 cOEG 

NM_057100 GAS6 Growth arrest specific 6 cOEG 

NM_021586 LTBP2 Latent transforming growth factor beta binding protein 2 cOEG 

NM_012862 MGP Matrix Gla protein cOEG 

BG672591 PLS3 Plastin 3 (T-isoform) cOEG 

AI175709 PROS1 Protein S (alpha) cOEG 

BF281577 RCN1_PREDICTED Reticulocalbin 1 (predicted) cOEG 

NM_031114 S100A10 S100 calcium binding protein A10 (calpactin) cOEG 

Y10056 S100A11 S100 calcium binding protein A11 (calizzarin) cOEG 

NM_053485 S100A6 S100 calcium binding protein A6 (calcyclin) cOEG 

NM_012618 S100A4 S100 calcium-binding protein A4 cOEG 

NM_012656 SPARC Secreted acidic cysteine rich glycoprotein cOEG 

BQ190344 LOC360627 Similar to 65kDa FK506-binding protein cOEG 

NM_031686 cSCN7A Sodium channel, voltage-gated, type VII, alpha cOEG 

NM_017189 ASGR2 Asialoglycoprotein receptor 2 nOEG 

NM_012916 BCAN Brevican nOEG 

CA506484 CDH5_PREDICTED Cadherin 5 (predicted) nOEG 

NM_053988 CALB2 Calbindin 2 nOEG 

NM_017326 CALM2 Calmodulin 2 nOEG 

NM_021655 CHGA Chromogranin A nOEG 

NM_017181 FAH Fumarylacetoacetate hydrolase nOEG 

AA875092 ITGA7 Integrin alpha 7 nOEG 

BF407506 KCNIP2 Kv channel-interacting protein 2 nOEG 

NM_022393 MGL1 Macrophage galactose N-acetyl-galactosamine specific 

lectin 1 

nOEG 

NM_053572 PCDH21 MT-protocadherin nOEG 

NM_017226 PADI2 Peptidyl arginine deiminase, type II nOEG 

NM_017174 PLA2G5 Phospholipase A2, group V nOEG 

NM_013002 PCP4 Purkinje cell protein 4 nOEG 

NM_022669 cSCG2 Secretogranin 2 nOEG 

BG373381 LOC316573 Similar to Dner protein nOEG 

BM389214 RGD1559565_PREDICTED Similar to EF hand domain containing 1 (predicted) nOEG 

AW522386  RGD1565811_PREDICTED Similar to OL-protocadherin isoform (predicted) nOEG 

BF548000 LOC301113 Similar to solute carrier family 25 (mitochondrial carrier; 

phosphate carrier), member 23 

nOEG 

BQ194242 RGD1566317_PREDICTED Similar to Tescalcin (predicted) nOEG 

BE098153 SLC24A3 Solute carrier family 24 (sodium/potassium/calcium ex-

changer), member 3 

nOEG 

NM_012946 SPARCL1 SPARC-like 1 (mast9, hevin) nOEG 

GO:0001871 Pattern binding    

NM_024400 ADAMTS1 A disintegrin-like and metallopeptidse (reprolysin type) 

with thrombospondin type 1 motif, 1 

cOEG 

AI412064 APP Amyloid beta (A4) precursor protein cOEG 

NM_012924 CD44 CD44 antigen cOEG 
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NM_022266 CTGF Connective tissue growth factor cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

NM_019143 FN1 Fibronectin 1 cOEG 

AI409738 NCAM Neuron cell adhesion molecule 3; NCAM-120 C-term cOEG 

NM_138828 APOE Apolipoprotein E nOEG 

NM_012916 BCAN Brevican nOEG 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 nOEG 

NM_017066 PTN Pleiotrophin nOEG 

GO:0019838 Growth factor binding     

NM_022266 CTGF Connective tissue growth factor cOEG 

NM_031327 CYR61 Cysteine rich protein 61 cOEG 

NM_012756 IGF2R Insulin-like growth factor 2 receptor cOEG 

NM_012588 IGFBP3 Insulin-like growth factor binding protein 3 cOEG 

NM_013037 IL1RL1 Interleukin 1 receptor-like 1 cOEG 

NM_021586 LTBP2 Latent transforming growth factor beta binding protein 2 cOEG 

NM_013122 IGFBP2 Insulin-like growth factor binding protein 2 nOEG 

NM_013062 KDR Kinase insert domain protein receptor nOEG 

NM_012731 NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 nOEG 

NM_019248 NTRK3 Neurotrophic tyrosine kinase, receptor, type 3 nOEG 

GO:0001664 G-protein-coupled receptor binding    

NM_033237 GAL Galanin cOEG 

NM_020100 RAMP3 Receptor (calcitonin) activity modifying protein 3 cOEG 

NM_134432 AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) nOEG 

AA996885 CCL19_PREDICTED Chemokine (C-C motif) ligand 19 (predicted) nOEG 

BF419899 CCL7 Chemokine (C-C motif) ligand 7 nOEG 

NM_134455 CX3CL1 Chemokine (C-X3-C motif) ligand 1 nOEG 

NM_138915 DRD1IP Dopamine receptor D1 interacting protein nOEG 

NM_030987 GNB1 Guanine nucleotide binding protein, beta 1 nOEG 

NM_024128 NSG1 Neuron specific gene family member 1 nOEG 

NM_012996 OXT Oxytocin nOEG 

NM_031645 RAMP1 Receptor (calcitonin) activity modifying protein 1 nOEG 

Table A specifies the genes present in the cOEG-cSC comparison. Table B specifies the genes in the 

cOEG-nOEG comparison. The cell type (cOEG, cSC or nOEG) in which a specific gene is ex-

pressed at a higher level is indicated in the last column of both tables.  
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 Nederlandse samenvatting 

 

De hersenen en het ruggenmerg communiceren met spieren en zintuigen door middel 

van perifere zenuwen die zich door het hele lichaam vertakken. Op deze manier zijn wij 

in staat informatie uit onze omgeving op te nemen en te verwerken en vervolgens ade-

quaat te reageren. De signaaloverdracht wordt bewerkstelligd door neuronen. De neu-

ronen ontvangen signalen uit de omgeving met behulp van dendrieten en leiden signalen 

weg door middel van lange uitlopers, axonen genaamd. Naast neuronen spelen gliacel-

len een belangrijke rol in het functioneren van zenuwstelsel. Er zijn verschillende typen 

gliacellen die een verscheidenheid aan beschermende en ondersteunende functies heb-

ben. Sommige gliacellen omhullen axonen bijvoorbeeld met een vettige stof, myeline 

genaamd, wat van belang is voor een efficiënte electrische geleiding van signalen.  

 Wanneer er een beschadiging optreedt in het ruggenmerg zijn de neuronen en 

gliacellen niet in staat deze beschadiging te herstellen. Een dwarslaesie leidt dien-

tengevolge tot een permanent verlies van lichaamsfuncties doordat er geen signaalover-

dracht meer plaatsvindt tussen de hersenen en het ruggenmerg enerzijds en de spieren en 

zintuigen anderzijds. Het onvermogen van het ruggenmerg om zichzelf te herstellen na 

schade heeft twee belangrijke oorzaken. Ten eerste ontstaat er op de plaats van de laesie 

littekenweefsel dat gevormd wordt door geactiveerde astrocyten (gliacellen in het rug-

genmerg) en door meningeale cellen die normaal een vlies om het ruggenmerg vormen, 

maar na beschadiging het laesiegebied in migreren. Het littekenweefsel vormt een on-

doordringbare barrière voor uitgroeiende axonen. Deze barrière is niet alleen fysiek, 

maar wordt vooral gevormd door de aanwezigheid van eiwitten, onder andere aange-

maakt door de geactiveerde astrocyten en meningeale cellen die direct remmend werken 

op de uitgroei van axonen. Ten tweede is er een gebrek aan uitgroei-bevorderende eiwit-

ten in het laesiegebied en hebben neuronen in het centrale zenuwstelsel onvoldoende 

intrinsieke capaciteit om de uitgroei-inhiberende omgeving te overwinnen. Dus, de aan-

wezigheid van uitgroei-remmende stoffen en de afwezigheid van uitgroei-bevorderende 

stoffen zorgen voor een remming van regeneratie met blijvend letsel als gevolg. 

 

Hoe kan herstel in het ruggenmerg gestimuleerd worden? Het onderzoek in dit proef-

schrift richt zich op het identificeren van nieuwe moleculen en moleculaire mechanis-

men die ruggenmerg-regeneratie bevorderen. Hiervoor is onderzoek gedaan naar een 

unieke gliacel die zich alleen bevindt in het reuksysteem, ook wel het olfactorische sys-

teem genoemd. Diep in de neus liggen neuronen die geuren detecteren en vervolgens 

een signaal doorgeven via hun axonen naar het geurcentrum van de hersenen, de olfac-

torische bulb. Het bijzondere aan deze neuronen is dat ze zich gedurende het hele leven 

vernieuwen en nieuwe axonen vormen die opnieuw verbindingen maken in de olfac-
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 torische bulb. Wanneer neuronen in de neus beschadigd raken (bijvoorbeeld door con-

tact met een toxische stof), wordt dit vernieuwinsproces sterk geactiveerd. Het olfac-

torische systeem is hierdoor in staat zich binnen twee maanden volledig te herstellen van 

schade. Hoewel dit regeneratievermogen voor een belangrijk deel mogelijk gemaakt 

wordt door het feit dat de neuronen zich kunnen vernieuwen, spelen ook de gliacellen 

van het olfactorische systeem een fundamentele rol. Deze olfactorische gliacellen (OEG: 

‘olfactory ensheathing glia) begeleiden de axonen van de neus tot in de hersenen en 

maken verschillende eiwitten die de groei van axonen stimuleren.   

 In studies voorafgaand aan het onderzoek beschreven in dit proefschrift is onder-

zocht of OEG wellicht in staat zijn ook buiten hun natuurlijke omgeving te zorgen voor 

een uitgroei-bevorderende omgeving en dan met name in het beschadigde ruggenmerg. 

Daartoe zijn OEG geïsoleerd uit het olfactorische systeem, gekweekt en vervolgens 

geïmplanteerd in het beschadigde ruggenmerg van ratten. Uit deze voorafgaande en ook 

latere studies bleek dat OEG ook hier verschillende regeneratie-bevorderende effecten 

hebben waaronder het tegengaan van axonale degeneratie en het stimuleren van axonale 

uitgroei, het beschermen van het ruggenmergweefsel tegen verdere schade door ver-

mindering van het vormen van cysten, het bevorderen van bloedvatvorming en tenslotte 

remyelinisatie van axonen (het opnieuw omhullen van axonen met myeline). Bovendien 

resulteerde OEG-implantatie tot een zekere mate van functioneel herstel. Deze studies 

hebben geleid tot een grote interesse in de OEG als celtransplantaat om regeneratie in 

het ruggenmerg te bevorderen. In hoofdstuk 1 wordt de literatuur omtrent de rol van 

OEG in het olfactorische systeem en de effecten van OEG-implantatie in het 

beschadigde ruggenmerg besproken.        

 

Het doel van het werk beschreven in dit proefschrift was om de moleculaire mechanis-

men te achterhalen en om nieuwe moleculen te identificeren die ten grondslag liggen 

aan de regeneratie-bevorderende eigenschappen van OEG. Met andere woorden: welke 

moleculen die door OEG gemaakt worden en eventueel uitgescheiden aan de omgeving 

dragen bij aan de regeneratie-stimulerende effecten? De kennis omtrent deze molecu-

laire mechanismen zou uiteindelijk gebruikt kunnen worden om de effecten na cel-

implantatie verder te verbeteren. Om deze vraag te beantwoorden hebben we gekeken 

naar de genexpressie van OEG in ratten. Dit is gedaan met behulp van microarrays 

waarmee de expressie van meer dan 14.000 genen tegelijk onderzocht kon worden, re-

sulterend in een zogenaamd genexpressieprofiel.  

 In hoofdstuk 2 is het genexpressieprofiel van OEG in de olfactorische bulb van 

ratten bestudeerd nadat de neuronen in de neus beschadigd waren met een toxische stof. 

Door op verschillende tijdspunten na de laesie het genexpressiepatroon te bestuderen 

van de OEG, werd informatie verkregen over welke genen tot expressie werden ge-

bracht in OEG tijdens het regeneratieproces van de olfactorische axonen en van welke 
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 genen de expressie juist minder werd. Van elk gen kon op die manier een expressiepa-

troon in de tijd verkregen worden. Vervolgens zijn deze genexpressiepatronen geordend 

door te kijken naar co-regulatie van genen, d.w.z. genen die een vergelijkbaar genex-

pressiepatroon lieten zien werden in een groep geplaatst. Met behulp van zogenaamde 

‘gene-ontology’ analyse en ‘pathway’ analyse is gekeken welke biologische processen 

de genen in een bepaalde groep representeren. Op deze manier werden aanwijzingen 

gevonden dat OEG als gevolg van een laesie in het olfactorische systeem een belang-

rijke rol spelen in het phagocyteren (opruimen) van dood celmateriaal. Als gevolg van 

de laesie zijn de olfactorische neuronen en dus ook de axonen gedegenereerd. OEG zijn 

mogelijk essentieel in het verwijderen van de axonale overblijfselen en maken op die 

manier het pad vrij voor de nieuwe axonen. Ook werden aanwijzingen gevonden voor 

het plaatsvinden van cholesterol recycling in OEG. Door het phagocyteren van het axon-

ale debris is de hoeveelheid cholesterol gestegen in OEG. De expressie van genen be-

trokken bij cholesterol synthese werd nadrukkelijk stopgezet, terwijl genen die betrok-

ken zijn bij de uitscheiding van cholesterol juist tot expressie werden gebracht. Dit wijst 

erop dat OEG cholesterol kunnen recyclen en opnieuw tot beschikking stellen aan re-

genererende axonen. Als laatste werd er een groep genen gevonden betrokken bij de 

vorming van de extracellulaire matrix. Het genexpressiepatroon van deze genen liet na 

een initiële vermindering een duidelijke toename van genactiviteit zien. Dit kan be-

tekenen dat deze genen betrokken zijn bij de vorming van een uitgroei-bevorderend sub-

straat waarop de olfactorische axonen makkelijk hechten en groeien.    

 In hoofdstuk 3 is het genexpressieprofiel bestudeerd van OEG in celkweek. Zoals 

gezegd worden voor implantatiestudies OEG geïsoleerd uit het olfactorische systeem en 

gekweekt. Deze kweek is noodzakelijk om OEG te zuiveren van andere celtypen en om 

de hoeveelheid cellen te vermeerderen. Het genexpressieprofiel van gekweekte OEG is 

bestudeerd op het moment dat de cellen normaal gesproken geïmplanteerd zouden 

worden. In deze conditie zijn de OEG in een geactiveerde, groei-bevorderende toestand. 

Het genexpressieprofiel van deze geactiveerde OEG is vergeleken met het genex-

pressieprofiel van OEG in hun natuurlijk omgeving (natieve OEG), d.w.z. direct 

geïsoleerd uit het olfactorische systeem zonder de tussenstap van kweken. Met deze ver-

gelijking kon informatie verkregen worden over welke genen tot expressie aangezet 

werden of juist uitgezet werden wanneer OEG in de groei-bevorderende toestand ge-

bracht werden voorafgaand aan implantatie in het ruggenmerg. Naast deze vergelijking 

is het genexpressieprofiel van gekweekte OEG ook vergeleken met het genex-

pressieprofiel van gekweekte Schwann cellen. Schwann cellen lijken in verschillende 

opzichten veel op OEG. Schwann cellen zijn aanwezig rondom de perifere zenuwen in 

het lichaam en ook Schwann cellen spelen een belangrijke rol tijdens het regeneratie-

proces van perifere zenuwen. Daarnaast hebben studies in het verleden laten zien dat 

implantatie van Schwann cellen in het beschadigde ruggenmerg eveneens resulteert in 
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 een zeker functioneel herstel. Echter, een belangrijk verschil tussen OEG en Schwann 

cellen met betrekking tot de effecten na implantatie is dat Schwann cellen niet kunnen 

mengen met astrocyten in het littekenweefsel. Wanneer astrocyten in contact komen met 

Schwann cellen worden ze zelfs nog meer geactiveerd en maken daardoor meer uitgroei-

remmende eiwitten. OEG daarentegen mengen zich ongehinderd met astrocyten. Met de 

vergelijking van de genexpressieprofielen van OEG en Schwann cellen kon informatie 

verkregen worden met betrekking tot intrinsieke, moleculaire verschillen tussen beide 

celtypen met als doel de verschillende effecten na implantatie beter te begrijpen. De drie 

verkregen genexpressieprofielen (gekweekte OEG, natieve OEG en gekweekte Schwann 

cellen) zijn vergeleken en geanalyseerd met behulp van ‘gene ontology’ analyse. De 

resultaten van deze analyse wijzen erop dat gekweekte OEG zich onderscheiden van 

natieve OEG en gekweekte Schwann cellen door de specifieke expressie van genen be-

trokken bij weefselherstel zoals het vermogen bloedvatvorming te bevorderen en het 

aanmaken en vormen van extracellulaire matrix. Deze resultaten bevestigen en verklaren 

de positieve effecten van OEG-implantatie in het ruggenmerg. Bovendien voorspellen 

de resultaten voor specifieke genen, tot expressie gebracht in gekweekte OEG net voor 

implantatie, een nieuwe en mogelijk belangrijke rol in weefselherstel.  

 In hoofdstuk 4 is gekeken naar het vermogen van OEG en Schwann cellen te in-

teracteren met meningeale cellen. Zoals gezegd verschillen OEG en Schwann cellen in 

hun vermogen te mengen met astrocyten. OEG mengen met astrocyten in tegenstelling 

tot Schwann cellen. Zoals eerder aangegeven bestaat het littekenweefsel naast astrocyten 

ook uit meningeale cellen. Geïmplanteerde OEG of Schwann cellen komen dus in aan-

raking met beide celtypen. Het samenkweken van OEG en meningeale cellen resulteert 

in een mengsel van beide cellen. Echter, wanneer meningeale cellen worden samenge-

kweekt met Schwann cellen ontstaan er na een aantal dagen groepjes van aggregerende 

Schwann cellen die uiteindelijk duidelijk afgebakende clusters vormen. Deze resultaten 

laten zien dat OEG en Schwann cellen niet alleen verschillen in hun vermogen te men-

gen met astrocyten, maar ook met meningeale cellen. Het achterhalen van de molecu-

laire mechanismen die deze verschillen veroorzaken is van groot belang bij het be-

grijpen en uiteindelijk het verbeteren van de effecten van OEG of Schwann cel-

implantatie. 

 De experimenten beschreven in hoofdstuk 5 richten zich op het identificeren van 

nieuwe moleculen betrokken bij twee specifieke aspecten van de regeneratie-

bevorderende eigenschappen van OEG. Deze aspecten zijn de axonale uitgroei-

bevorderende eigenschappen van OEG en het hierboven uitgelegde verschil in interac-

tievermogen tussen OEG en Schwann cellen met meningeale cellen. De experimenten 

betreffende de genexpressieprofilering van OEG in het olfactorische systeem (hoofdstuk 

2) en van OEG in kweek (hoofdstuk 3) werden opnieuw als uitgangspunt gebruikt, maar 

nu met het doel genen te identificeren die, gebaseerd op onder andere het type molecuul, 
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  een rol zouden kunnen spelen in de twee zojuist beschreven aspecten. Op deze manier 

werd een lijst met zogenaamde kandidaatgenen gevormd. Om te testen of deze kandi-

daatgenen daadwerkelijk betrokken zijn bij axonale uitgroei-bevordering of het interac-

tievermogen met meningeale cellen, werden bioassays opgezet om de processen te mod-

elleren in kweek. De bioassays bestonden uit een uitgroei-assay (neuronen ge-kweekt op 

OEG) en een cluster-assay (samenkweken van OEG of Schwann cellen met meningeale 

cellen). De rol van een kandidaatgen in het bevorderen van axonale uitgroei werd onder-

zocht door de expressie ervan uit te schakelen in OEG en vervolgens te kij-ken naar een 

verschil in de lengte van de axonen die uitgroeien op de OEG met en zonder het betref-

fende gen. Evenzo werd de rol van een kandidaatgen in het interactievermogen van 

OEG en Schwann cellen met meningeale cellen onderzocht door de expressie in OEG 

ofwel Schwann cellen uit te schakelen en te kijken naar een verandering in het mengen 

van OEG en meningeale cellen danwel het vormen van Schwann cel clusters. Deze 

‘functionele validatie’ experimenten hebben geleid tot de identificatie van zeven genen 

die mogelijk een rol spelen bij de axonale uitgroei bevorderende eigenschappen van 

OEG en twee genen die mogelijk betrokken zijn bij het clusteren van Schwann cellen.  

 In hoofdstuk 6 wordt het werk, in dit proefschrift beschreven, samengevat en 

wordt een algemene discussie gegeven over de gepresenteerde resultaten. Onze aanpak 

van een genoom-wijde zoektocht naar nieuwe genen mogelijk betrokken bij de regen-

eratie-bevorderende eigenschappen van OEG en het vervolgens op relatief grote schaal 

functioneel valideren van kandidaatgenen kan gezien worden als een nieuwe aanpak in 

neuroregeneratie-onderzoek. Bij aanvang van dit onderzoek bestond het idee dat OEG 

zowel in het olfactorische systeem als na implantatie in het beschadigde ruggenmerg 

regeneratie voornamelijk bevorderen door de directe stimulatie van axonale uitgroei. Uit 

de functionele validatie experimenten hebben wij zeven moleculen geïdentificeerd die 

hierbij mogelijk een rol spelen en die nog niet eerder beschreven zijn in relatie tot OEG. 

Daarnaast wijzen onze resultaten erop dat OEG, naast het direct stimuleren van axonale 

uitgroei, ook een rol spelen bij processen die meer indirect betrokken zijn bij het bevor-

deren van regeneratie, zoals phagocytose en weefselherstel. Een belangrijke conclusie 

van ons werk is daarom dat we een bredere kijk moeten hebben op de regeneratie-

bevorderende eigenschappen van OEG. De kennis verkregen door middel van de experi-

menten in dit proefschrift vormt een basis voor toekomstige experimenten die zich 

zullen richten op het verbeteren van de regeneratie-bevorderende effecten van cel-

implantatie na ruggenmergbeschadiging. 
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